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$ |  ^ .However, no attempt has been made to derive general equations, . n ^
H& $ P including all the factors influencing the compaction process,
.-:•vto determine the maximum dry density and optimum moisture 
/content, which hab left a wide'gap in the subject. It is one
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of the objects of Part 1  of the present work to fill the" gap 
and derive such equations within reasonable accuracy, . , , v
Different theories have been advanced to ^ interpret the '..V-il 
phenomena encountered in the compaction process• None of 
these theories offer a proper explanation of the whole phenomena^
. In Chapter 3 9 of Part 1, these theories are discussed 'in light
light of :- the writer ! s work, and a new theory, which - is capable 
of interpreting all phenomena encountered in soil co)Tipaptiph? 
has b e e n ; d e v e l o p e d . ‘-'-V-v ■ '• ’ ;.u
Almost all the properties, of different types of 
compacted soils under dynamic and static loads, i.e. shear v * V. 
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have been investigated. However, no attempt has )?cen devoted 
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soils. This property, although ignored, by engineers. a n d I : . .;i
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b o,v; The. {design ofIretaininfcvir&lis. ^  soils
can be:accurately carried out by knowing the tensile strength 
of such spils. The critical height of unsupported Vertical :• 
slopes; can;be estimated more precisely.if the:tenbile strength : 
of the Concerned soil is known.
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.• o'* X/v€/a. f. >•*’{3/f-,/v r ^ 'v /X.vXXv^X’* vv-X ■ •••■*,•• ■ X;XXV ,*• •a.• /vxx * XXX;;X .'.) .t‘u* X? * ;■
some of the important soil mechanics problems, and >a, method X;
■ ,?U; X  *&p; ■ - • /  >v.v -V X - X  -fX; ^ ,// ;v
‘•4 ;v « ‘v':ti.X,:-xXC-V. V, .-’/'•'iv/.;v.w<- X a<v■// , -v • •*/./. <#, . '>,: /v,/.Aiv‘-/V-:AX s , -s '-■ 'V xX.•?'*• • i ; *»’ '*7-X •/./•-AX 5 X;X/XY
_ Compaction is closely related to soil stabilization/ *%XX \\ -pty*/*’:] ’^V-v'x- ,:\X X•v&'X'V' .v* vY-1‘'AX.XX > ’ XVVxVVjH/ V V Vx?*'”? V XV
Hence, Part III of the present*work has been directed to ’
investigate the’effect of%the spent lye, which is a waste -
-.t V. J>t *£*\r 'A / ,' X -. r\ . f' : A-s -1;.: v5- ■'/: V* - ~ XV,** 7 Ya’ *4V'‘- • O' X :- ■ Vr l>; •i X / X V/A *’* W ’it'-I? £w, *, •'■; ’^ » !'?; -JV^'iV U-'"^ ?'* •- V* •' ,A-r' ~ '(if ’" -V \-X' - V/ -^V** U -‘*w> r ' 'f ;<'*« ,• s*-'v' '• •' " j? ~ i’V-'" -v -»*■,- -’s.-v. ’•■>•• yf-* “V/ '. '*% ft.•/'’yX*'1 Vi!" •’«■'/ o • "-v '^\from the paper industry, and hydrated ‘.lime • on the stability
X ''i j'- «v/-/ /' io/J/,'./-/v~ .//:/> v: X" // •-: -:•' !w./;. ’>• 5*’ \ T--•; *’X i.-ViXV •'-.» •'",■/'/••/ ,'v .*■’/X*/? ’ X"vX''-N'- . -
-'■I  ^ 7 - V , - - T ’ ' ' N* > 1 ' " - ” . ‘4 t W‘ - - ,  ^  ^ * ’ \ ' • «■ / > \ J *« KV> 'of London clay. lnhe properties investigated are the_ X 
compressive strength.and capillary water absorption of ‘ ; ■
'£& V'- X *>/; X r,/y’^X; f */V.Av-a/,';XwX,;f, */ /-. -4r '-XX *v
compacted stabilized clay. 5 > WAiXvi1v ’- *•/"• ^ X'Xi. -"/.►/A4'*'- XXs * /, ». *vV- ' ^.v ; 'J_' i • * J".v^ ':--'lX J: ? •,’/ .  ^V.'tj-.v'- ? v 1 £V\<»VJ-r'’t X 1 A-! X4' X;^ W^S-.'X*-V - -'’X H-.i -*/ ”•••../’/"■' 5 • '":X\ •’* ' " . ~,J./*... '/• ' A*
X' To the knowledge of the writer no such work has been
carried out'-in the;fU.K„ t ’ Hydrated * lime, which’-is very cheap X
compared! with Portland cement and is readily available i n '/*
‘^ /•‘’CXXvf *\ 'V; r,f X^- JXXvV*.^ .X,/X//X'H^  / “ -> /\X'X / ! / ' X . ‘ ;■.. "> I :/!./’ '.;^ /■/X *']■\jX.% /'X/l’/  K;i/’ Jf • ■ /-.''X Xy•<5 o^ X’
this country, is so promising that.it is "hoped' that><the present 
work may be .a. stride forward to encourage' further investig-/ :;
1 ;-.a,/.pv ■*. *';■' v*; * X ?-X<7V',>a ■* Vs* ” Xw, 1/ X-'AV*  ' v ‘ ’ ' * ‘ *“ ......
ations .in this: field..
(vl)
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CHAPTER lc 
: DEFINITIONS AND PREVIOUS WORK y/A 7/
DEFINITIONS t 7  . 7 7
.yv: Before commencing a review of the history of compaction,
send its development to the present knowledge in soil mechanics, 
it may he of importance to define the term compaction and '77. 
differentiate between it and its brother term consolidation.’ ; 
In some literature the latter is confused with the former and
used- in the v/rong sense>. /, • A / 7 . 7 ' ..77/7 77u;: ,A
7 7 7 7 /  Compact ion as: defined by Capper and Cassie (i) ? is 7 7 7  . 
"The process of packing together of soil particles with 
expulsion of air only. It/ is accomplished "by rolling, ! 7 :7 7  . 
ramming, or vibration and results in a decrease in the volume / 
of air voids and an increase in the; density of the soil". ./
. '7:777 "There has been controversy regarding the proper • 7 :’’7 7 ;/' •/ 
definition of consolidation as/the term Is understood in Soil7 7  
Mechanics, says Taylor (2)7 However ? Terzaghi (3), the .>777 • a 
pioneer of consolidation, defines it as, "Every process 
involving a decrease of the water content of a saturated soil 
. without replacement of water/by air." ; 7 y-.7:7'- 7 77- . 7'--7
From the self-explanatory above-mentioned definitions 
it is quite apparent that compaction and consolidation are: 777" 
77t777 two different processes,/and/that there cannot; be any confusion 7
%’  ^ i t  r * i v 1 ' y A  ■yyXxX'~:'~': X" ’■ *• :.;•■'?■£»y- * y'■*y;:,yy---v.v: a,- -p,Xu';tX »_•.y,/. v:y.' ,yFry*’-'.!’ yf yl
7 7 7 ^ 7 7 7 7 ^ 7 ^ 3  : 7 7 7 ; 7 y 7 7 7 7 7 A  /  : : - t" I  -  ■A A A • V ' / '  ' ;: -
••’* ’7. between the two terms.'! ’7a J 7 ;7 \y
In the following, definitions .of other terms which will
be used hereafter are given.
A 7 ?7l) Wet Density: sThe weight of soil particles and water
v 7 \ 7 contained in ,one. cubic foot of a compacted soil*
v7  A- ;vyv:.//AaAay7/A>Av aaa-ayaA-Au*. AtyAA* yyyArA’-AyAAAAsAAAAAA-y :yA;v'74s ■ !v/T?7.- /• 7  /2; Dry Density; The weight of soil particles contained in
7  A A’ -7v . '7A A'‘ A/A A'C'/A: Vh’A »■» ,.V rr‘%> ■-v,*'* ;A7lrVv7-/A'«7:A A •' ’7 7  < *••' ;»Ayv a - «V£ 7  '*7:?v *-7 /C7-.v7 •*',’7  77  7" *-vA iV •' ’ #-\7tA 7"“ ^  *>.*7-A ’ A AA*.. •’ A ■X'-Xi **f X'-.’* ->■>•' '/one cubic foot of a compacted soil. / V ’ 1
$y&::•"'A 7 7 7 5 :)/ ’Moisture 0ontent:.-■•■•; /The7ratlo/bf Ithe/weight of water . 7;7§
£.>77 v 7 " v 7 ”*: t  7 7  -77 v •" ,n77V;7/7 ly /?1,1 " 7 '* 7 ^ 7  7ln'" 777*77 '*/•-' “77777 ;7  7 7  7-7; , 77*7 a '*• tv  7 *  f 77. 7 7 f  * ■ V :V : ’ •*•; .7,* *; 7 77  7 .7'
* - ' contained in a soil to the weight of its soil particles; 7 *7 /
7.7 7  *. ; -■• «v 7  V 7 Ti 7  7 /7 * 7 7 7 f>“i --• '•-7>A*y7 7 s7 7777: •77v7V77‘ v‘7*?%77 7 7 7 7 7 7 7  *•■<■ 7 7 7 7 7 ^ 7 7 /7 7 7 7 ’ 7 7  A7 7 7 7 ^7 7
7:7- "7 "
.4)! Volumetric. Moisture .Content; :7  Tiie. of, the- volume -"of •’ '7 /
water contained in a soil to the total volume of, the soil-7  * '
• » / <*’•V-: A a A 7 Al >•:/>.;• {AA'y>,F.y.Q AKA xy.'/y-k, =;X txl y:/.'-vl ;7^l/A'''y7‘y'F-F''.vFA'y/y-A/*i-’'-'t:v:£i.i.e. volume of soil particles, volume of water contained tod •
, v  .. , i y y p  ... v..";- ~ 7 ' " . a  i x A . / ‘7  .’"Ay. 7 / , '\i,!t . * v. - . ".  v *  8a  ’• - 7 t , y  y  a .  ' • y A - Ki -  ? 7 7 7  7 ’7 7  a,-- y y . y . ; ' ; . / • • ? . ; 7 ^  :-..A'-i7 A V V ’y ^ A'- 7 , . ’' * 7 ' ^ ' / 7 7 7 7 7 ; 7 i y A y v
7*-~7' *■': /7 ■' = /A /y > a  7 * ' '" v* v^-1 o-) \ '. 7*7' - -V 7'- *' '&*' -f%7vV;.7"4, * * r  7, -a.7,’ \v’ " ■ :- 7/..//>^-7; .^r <'■ i  y1 /7 1 Vy/^7 ^l/7"- 7'7 '7A;;\ " 7 '^v'/ 7
volume of air., It is expressed as a percentage. , ; | -7 7
i 1 * > - A / 7 "/ ;y. ' A r + ** * * \  ^ * 1 - " * x * * K''5) Compaction Curve; . The curve which expresses /fee relation 7,/
between the'dry ’density/and the/corresponding.moisture;'content';,,' s
Fy/777'?A7;s7;/;7'77A7V.y:v:; ^ Ay7-7'-F?7;7'//7777i7/7:/07777777^!fl7yv7!y!!7777l for a compacted soil. 1 I ‘ f J ~
6 ) Zero Air Voids Curve: 7 The curve which expresses’the
7 7 7 / 7  y 7 .7 * '7 ;'^ 7  77 r’7  ; v7A-7>a;-a "..77<y*77 ‘- ;v7 7-^77 ;7 7 /  *: !7‘ 7  ** 7 v777y 7 - '*  ” a7’ v !7 /7 / 77 .; JI,7' /  • - 7 7 ■;/j/7
relation between the - dry density of a compacted soil, on theA7  -A yj>v • v y y '/ ’W- * v'A>r y*3'' A^ VAr**" *A.< y. •* «>. yf - . yd? *.r a* ...a,, - ■.•'•*ylv,v-vs<£?r- v •-.-•*• y»C7 »«V?..Jx‘1 ^ 0 <• ja;,*'.;y : Ai-.yT FA AVvAV'y^y^.y -/^yyy-y: y-T AV v/U-F-y: ;v"T:>/y7^, "•;•.* y;FtFvy
premise that all the-voids are completely7fiiied with water, 7v
'777!7F77/7^T'vAy77;//707J7;A77; ■77?!'-??7b7:77;7:7;y;7y 77/=/.a7-'777./y7?7^/A/; -. 7/ !7 7/ and the corresponding moisture content.
AaAa A "1 Vi 7 \? A  4r? Cl*' -'•'T . n '7-V ; : ,7! A -v-v /. *» n rVv 1^' xs Vi - v-\ nr -vn *1^1 \ 4^ 1*a .-, m *11 r*\ -i* A - /»k v-n a! A 1/y
>.yy ^
jPREVIOUS WORK. | J -
. !,v - Compaction of soils was guite-acknowledged, by-engineers
engaged in the construction of earth fills for*dams and >:\;
’ \  "> »? f 4 ;  * *#•**•■: ••y»" i'>;. • • ■$ ,>y ;..<.*• -J.,t t?- < '-i? '» *'».•* .’vjr.i#'..; *-\.-<■'•' • •■ • *? 1 y  */>* *4 if**' -*n, .“■ 1/ - r r *'• * *vy y^:,* /  >v ?vi./t ✓a*-■ *A w 5 v». */ ”>•-•: -'■»-» -«- w **i'
;A^ye^s^,;^Iong;:tinife-V-i <^Tu^ jCjjLiir(4) states that,
H l f  - the mater ial in; an earth dam is not' compac ted. properly ?
?:* y  •* /* .. .  > \ y ; *■ / s \ \ , y  V v y K *  * i y  ; • y o y ; ; : • ' . y y \ J * & \ " )\ y .  V ” ' ; : •/ y ? -  i v . V  y<*'*'; : •'• / '  ' V - :-‘ V " < / v * y 4f
shrinkage after the structure is placed in service may cause
• ; 'y  /, ' . y  y y . . / Y y .  • ."■•> . " " /  . > :, /*."•'*. Y  y : ' •.' .** Y  V  ? ' ’•* yh ^  »-<' *> * y y  V v i ^ ’$v*  -•*' -*• t ’A. v.**$V* ’* 7 v ^  >■■ r .'•■ -'• vV ’ :i‘X j-  - * Y v > Y u y  i l , vV ^ w V ^ V iv i
’:••? ;' >' . *yY ;%>■'. j(ys’.f>4Vy “ * '•• • *■''Y f5 £vi •, V , ' - rr /  .‘ t  » V’V /<*>' '• /V.V V* ~'V Vfi ' yYj'V'* *V Y* * /> ,'' r- b > v  'xjl^aks or slide to develop.,^ y;‘^ Ddmping the material.from 
trestles should not he tolerated, ’ In India? the compacting 
•has been done hy the passage of the • thousands of workmen 
employed,' • In some American dams, animals have been used to 
compact the material? but in most dams the material is
'« v*"Y*V.jC'* xvvA</•■'<''?• *.• -w •' v: V>V* ' v-* * V i+*ft*,S;;*?**))  ^A;*-s*;'‘t■ .< V ,^' / ./,»/* . •:!*•» V :^ \p’P* ; \ A- ^ >* %Y:.v-thin layers or by use of Water, u ;
s ^'v ■/ i ^ k r*; ••/»•• v ^  5 " .. •;' :' » '■••«.’’-•♦-•/■■%* r/t*t • *• Vr.^ -*' *•* Y: •.. /' £;<*£* '* if*ypK *.»<..*♦***'. '  V • »• /,* *..•», ^ ; V * v V r \  5 >-• *• '•■ , T,• .X V. • % - • • ' '  -• ■ * '*  ’f -  • '% i**' V.» *■'-V,A:: • * . •  k i ' >?-•; .»• i • /«'.• ’• r ,i *,. • • \ <.> ,»••■;, ,-v- '■;•'• -'l', *;••••
’rTH^nf(S^py'oceeds to show the importance of/<;compaction by ■ 
stating that? 'f%.. with proper material and proper compacting? 
settlement of the embankment will not be great.ft 
|;;.x„,fOn the- other hand?11 Terzaghi (5) says? MNospecial 
efforts were made to compact "highway embankments because the
?**■«, ’ 1 ' \  •'*’’i ; '"vr s . ■ •w/V'*’ -x* Y:-**Y,"” ,V/ x?*■*•!*?£,• l.-vi» ,  v* -v•?ts^ ■ ^
road surfaces were flexible, -Until very recently railroad 
fills were also built up by loose dumping and allowed to
i • V ’* : * * ■ : r t \ :  ’ ‘v ;’■ % ? V . - ->-•• . V : - ^  ;, v * ' / : v  ' x - ' x ; / - v . : Y  ^  f -,T 4y •-'« .-V-^ 5 v* ** V-^«  ^ y '■ ' --.y^  y. ;*.i ,-:"Y^ V T v *'* «;;r? ; ""■' ' • •* Yy’;? "-.;.\ / v-Vv n..- .:i -.; - •-X
settle under their' own weight for several years before 
placement of high q,uality ballast”. M  § ‘ f, r 
. *\ , All methods applied for compaction were guesswork ‘ ‘
methods and had no scientific basis.until in 1933,* the
* This year was v/r-ongly quoted 1936 in C.A.Hogentogler
Paper "Essentials of* Soil Compaction," published in the
Proceedings of Highway Research Board 1936  ^V 16,
I
pioneering work .of R.R.Proctor in this field was published ^
< ' ■ • ' a ,  ’ : 7 .. * T ' Y 1 '■ 'Coh'x*^ ar.t'icles in the Engineering News Record (6), ?:t\,
Stanton?(7)? reporto ,?. 5 . the.'* *
I California Division of Highways, conducted an extensive 
Ylnves ligation in .1928 and 1929 of. the best procedure to be 
;? cotijpact.int^ jy *^ i^^tj^3ii^ 3^Tie3rLts, an>d at tihat t irne cLe*\re lojobd
the optimum moisture'theory * ahd thin layer consolidation : ■ y ■_> ,t 
? .• ’• ^ s t a n d a r d  practice in California
9 'the subject has found 
in the laboratory and in the field.
/cy?? ‘ ’ Some of these 'investigations were carried out to improve
VyV/.-\v;% ; Procto^f s apparatus and:procedu^ that the test could be ? 
c/v// 5 ;-?7y ? , perf oj.#med in a quicker ahd: easier way ‘ In / the meantime, 7
yy >?"y-/ ???7y ? some inv.estigatops >. were . engaged in investigating th^ ^
V that affect the compaction process in an endeavour to \
’■pito* ;y7;?7;77?ih^brpret’ith characteristic phenomena, and the capability r'
' £ . > of compacted soils to resist shear stresses, consolidation
v . '‘I/ / 7 Uiider.loads', . percolation of water arid to thermephanicalpfbcesse^/ 
- - • : correlation between the laboratory results and that of
• 7 constructed earth fills was tried by other research workers. f
in laboratory and
related to compacted soils is the object of the present 
chapter. [' i No reference is claimed to have been? tried to review 7 
^ ; investigations connected to .the correlation between*laboratory v 
and> field results.
,Yprocedure; whi ch;;ha ' ■.been; the :
5 L: Sin.c e; Proc tpr 
many? invest^ightbrsYboth
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Proctor (6*), carried out his compaction test on soils
passing the i in. mesh sieve, in a cylindrical container, A:y; 
about 4 in. diameter, 5 in. deep and having a removable
p ’rfc 7.-®^ *7-
l&Ll&eit^^thAaAceriiS
■ 7 . a . 7  a 7  a  '*‘ .vx  : V 'v  ■/-{ • \ ■ >?*y  A •• i * v * - A / V . ' A y /  , a  7  ' 7 7 7  a ,  ' 7 7 7 7  7 : 7 -  - 7 7 7 7 7 a  7 7 a 7 ■ -* • ■ : *7*-< ,77- • A- 7 /  / , ; 7 /  a .  • ; y  / v . a .  7 7 7 *
each of three layers 25 firm 12 in. strokes using a rammer 77
7 V , 7  • • A * 7 r  7  57 a  *■' *£?'* A A  'A A  >7 7 7  • y  7 7 ^  a V 7 7 ; V  7 : 7  * ”7  A y A 'A  .7 y  • ; / !  h 'v L y V / ^ V  7 'C  ry '- ; 7  -V y p -7 /7 y v  - -m  * A -?  7 a a  a  7 7 7  A
of 5*1 lb. weight with a striking area of 2 in. diameter. . 777 
After removing the collar, the soil Was cut;flush with-ythe'' 
t op; of the cylinder which was weighed for/ the determina.tion 
of the wet densitylof the soil. The moisture content was
7 /7  . /  ‘ 7 7 7 * 7 > ;V V *77 *' '* 7 v7 » V 7 7  ; A / y  7 7 7 ,7 /7  7  v  7 7 ' 7  V ' 7 ' 7 7 7 -  ♦ * l,S\>  * : *  7  *: \  ; 7 7 7 /  7 7 7 7 ^ 1^  * A  /  *7 , 7 * - 7 7  ; :  * *'7"7‘ 7 7 7  y V i 'A
determined by drying a small portion of the soil to a constant 
weight above/ informat ipn/thpAdry density/
b quid- ,fcje;: . c ornput edy/7 777/75
,jt:- 
**.{: >
Repeating the same procedure with .the addltion ofmore
/ ^ ;te3p',V;:hey/fpuhd:7t aind 'consequently the
dry density increased with the*Increase in moisture content 
until aycertain mbisture/content/ #a:s reached, after which any
; 7 y7 '';7 ’ ’77?t-7 V*T-v'-’ 77 "’7*#‘7* 777/77777 Ay/VI-/ 7  7: 7*7 7 .a/'v/'T* :?*4f."> 77  /7 V7;. 7 7 '* r*7-7777<7* tyf vA' A/yyy 77'7/.7A. 7 a
A  * *Ar77/V- 7 ' "  v  *.*•«.’ '£ ,7 )?&*’'?'*/*'7 ;  > 1 7  / I  /  p a *  »■/; 7 . 6' A ' 7  7  ***7 - a  V .4 V /  *‘ : '.  7 7 v - 7 v 7 H >  a ' 7 * >*> • 7 7 * 7 ? * .  *;7 ' 7 . 7 7 A 'increase in the moisture resulted in a decrease in the wet 
density. ’ The*moisture content at which the maximum density" 
was / ^  later imum mois ture content
y/v <.*;. /A? TA; v7.V-77 ’’ -'» -,,*•i  'A v-\7v//71* \y  t 77 i'v7,^ ^7/r7-'i!’.'v 7** *, jvv.» v.;v ■ "*'• > 7 t 1,>' 'A”,‘77’* 7 -  y/".”•.■:/ v,"7y’r-'r' s*AlAv.7/?
as Proctor did not give that definition (8).
•/•; Ay f. r' ,r" t> •«'• • / v/V  v- 5' •* 1‘7''**•• i..*'V * -V •’■. > > *. ,/. 1* > * * d '♦»4 V* *i '<J; «ry;? y *> . * J; y *■/ y * / ■/ * / * '  ■/''. A"' A-: v /AA- •/, /f ., Vy ’. >'*.;••, -vourvefprthefelatiohshipbetween
yAv- v?' /.’ »•■ y y  ^ ,;a y  Aav/* Aiv.viyA. A y  ^  A  a y /^ YTy-ryy; /4,//given by* /;
• ,v ’ \  r ' ? 7 • ? >  « y X V  ■ i 7 % 7 '* 7 . 7  ** ' . fc^ 7 7 v > 7 7 * v . ;.k ; * 7 ; - V ’ v . . I  •• • 7 7  :■••'7 . / . 7 * 7 7 * % v 7 -y . 7 ^ 7 7 7 2 ' ' A ~ ' 7 / a  z A - ’ y / . * y - . 7 7 7 : v c <;' ' ' ■'.' ■/' A / - * ^ 7 7 1 ; ' 7
\ *..7U‘ 'v/'' '■ ■ 7 • «w n* ■ !•(■. ,.i^■•„ n .. „..,y *.t. -f * *»v ’r \ ’ • ■-* . •-■' ( 'V"V-*5 j »''i' (*■  ^ . .* * .• ; 1.' • -^v ■ f\V“ • y■ ^ ; -jj */.  ^ , o y i  v ^  .*Prpotor; is/illustrated ih/Pig. ia77- / The^ interpret at ibh/b£7the:"'"./■'///Am -Vva-»..*■*yivr;.’.y4. yA. A;yyvy'-Ay. y.;y.'*;;vvsvy/A/”' - * < ■fft :;;;'y-v;F:.y •.•/• yy
comphct ion phenomenpn as; advanced.by Proctor will b e di scussed 
in full detail in a later chapter..
/ » -7 ■ *  ^ * ■ 'k > r ' * ’■**• »»-" 7 * / * ’ v » 1 vi **■* \ i v *7*** 7 x 1 k 4  ^^  ► " " -T 7"* *r ^ ': . ....-On applying different compaotive efforts, on the same *7 /
/ y .  y  >.•;,■
>k
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the maximum dry density and the lower the optimum moisture-
v -r 4-  a • - :s»V- r**'4'V/?i *'"***"’**}-• * *Xv >4'YVwX.Y'' ,-. - y v v t v ,  .Vv VV .Vv*' xwX *’*-*v--vY...’•:-* YV.y v^y--Yv-'yt* y r :v --' ',**'*'  *: vf‘,. >1 ■ * *>v. 'y.y ,X' vv";: fcvA YV . VV" .7* 'y* . # ';Y'v A-vv^ -5 t'7*, Vsi»;i<'~Y;.i * y«VK •*/VV -A; Yyv'Av-yll',£.y '*''y i Y Y-xv
content; * Yv?; *• :^y--}~y£v*y -:■£• ",• • •;w:vT-,.:/;:y ? • • ; j£$.'&>*£•*£# i-,v.-'. >Y XyV■■,&;:‘{£\i':^ y .
‘'V'A-VBy compacting different types of soils • of different
y ”' v'-l  ' Y ' :?ifv Y -particle size with the same effort and procedure,,he has shown 
that the finer the soil particles,- the higher the optimum - f
moisture content and the lower1 the maximum dry density.
K & M d i; Vyyy 77 v£ : % A £ . - Y y r & ^ v x ?:-Yy y v • xYc®^^He has also devised the plasticity needle to measure
the plasticity of’ compacted soils and to he used as a means
;of ;pbht$ioK^^
thesis, no reference will he mentioned^in connection with
:;'the/use -of ;this ■;needle; as it was- found to give inadequate
• >• •?'••?%.'}: • ■ • 'J ‘ -\f ■ l\-: ■ ■ ^ •'.•; ''; ■■ '.’* '■-•{■’V ‘> • *V V* "»* '’V > :‘:-y ^  " j*/' «?*& -'t^ .,'•••■'-•' *!?.. Xv.--.-.- ?• v.*Vr'A/s; r/'i <?, -- -;"''Xresults (,2;e ' ,-
y® a - I In his paper, "The Construction of the Silver Dam, yV>
!{*• "*Y‘ -v ■' J * • f ; •% 'V*/*) '■ ?.*-'•-*%s-j T■ *’fv‘- I  ‘V : / \ Y ^ x - Y r . Vsy/•:’* ' - . : .  y - ;- v - x  J  \’yY {•.y YyA; •: ■ ■Y-YAvVA ~:7• r. ,yj • . *-. *•* :;+• * y •*. V-«.Y/ y .... . * r< f. r.s '•: ' .y,, ■•)>.• <;.■•’•*.; V-'Y ; *;/* v. *.% v •••' •* .^*< _• ;'” i\ '  i  7 ' T v W Y ,,lV ,v ■ 'i- \  J- 'sV
y'Melhouri^; ; ' sent edritpjythe ■ :ln§t ife 
Engineers, London in 1931 (9) and published in the Minutes
'«!'■»> v 'v } ' '*  x '  { v l v : v . v ^ s . ’- / ’ •. /*/  ^  / r  .a y y , - ’?' Y  .* / '/  v  f . . ; • >  ,• , y • /  . v . •*..  ;  y  *; v : 'yW ':. ; ; 'V . . V ; ,r ' i ^ > A- v - v C V 7•-
^ compactiopl:*3?
-■.* v ' • * ' >v ?y;Y •*/ % *‘T’ » * ' k,'T*,;•■**« ? V»Vi? y.^" u*’ y v<*v.^ » > Vj /'•* "'c'/!’' Vx l - ’v."'x - -^'•x’* ^ v  ?.test ’■vteich^  oht, pn:two ;t^ of soil, to find-the
relation between the moisture content and compacted density V  
of the soil,f - To, furnish this relation, quantities of soil ' -l>iV'v//'- Vy/*y •. y. .: •vY * ‘ '.**'••>>."4.■•;';y"v.>xv?£\:T;''* \  y :% " * ' > ' * • ' & y.v \i: ’’ 7 f-V -.V -. - v.A '1. ,’'y y, s’--y: 1 r-' '.v.-, .,v t' :; V'1 “ ''X *•-<'■ V vy y - V -  V.,. .'r^,y .;• ( •■,-,■ y\><v* . v.t:'X . :V f ‘ ••.'•. •<** v' I
: vf •*:*.■■ - - i-; -*ve' <■” y K^-'-y '.«••' , •.-■'-5- , v ••_,.•■ *- ; •% *.4 ... ' .v ’• • 1‘ '/V ■./.« W* ■*■■'■ ■>.-7s ; S 5>/rV* : > •were completely dried out and divided into several portions ' ;
'*— -?* y:y;V -' -
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;mixed with a certain weight of water,, such that the mixture 
repre.sehted: ;a; -wide;, rahgey^j^tftb^^r^ybbhtbnftxV^
••? **V '  “I  y ' '  ?  ** A >1 \  ^ y ;y  • / ; ; * y  " > v " '  x 'o r V - :  - " . ^ y y Y ;  V .„v ' y > y i : -yVyY •. '■- A  * • *■’ .,A; vv; »’ ’>» *• ^  v ^ - : y  V V > A  y y y A V y y  Y y >
K *> >4 ’"Y v:%' ' V v a ;>- y sXr"l':**Sv^ v '/• / v. y;^ '.^ -ya*Vv:y->-L: ^ *y;> v J * v ' * <:rvT’Y :^  ^  ,:*/■'>" /y-Y'xIwas then placed in a :3;in. cube mould and subjected to 150 
blows from a standard cement testing hammer machine. The
V ''•**■ v ! ? '* ,  •*• ; / i iV ^ -/ /  *v» W v • V  ' y  \ ' ? J  ' v  ’•'■ v * v V - 7 - ^  ■ * . 7  V* f  v \ - ; . ? . * r . . ! - c . ^ v C A ;  v V '? V c - V  . -iv >• V * ~ * A V ’ * & & & &
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■ ihereywas:• a;-:,mo.iistureXcbiitent• %frich:/fo^
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150 blows 9 and that mixtures
■> »..y <: ‘4- V~ ' • *#r * c* A? A^7\V; AvY-V*v.w;^ >...'./A7V;\ • V\ ^ 7 W VAV7 *£jV' VJ-7A » ^ 7/k:?c VlV i
of greater or lower moisture contents could not he compacted
■ ’ VI VSy ■y^Vr*\^'\''*7:' " ' • V’; ; V^/^TvV^VV^Vv.^/'•• V'i' ?'fjyr': i ;  lyV',\7*>v.V^y-y-V2VVVA V\*£V3(
* * i t i *  l y  • . * W '*• 7  y i  .»v \ «  7  '*■. ’ •/*'*..'>*■ *4 »*< * '• * r *? ' **>*"*» *y- **'***'*''***. ^ • ■•,; v * 7 f ’ *i-V * V  * »• > * + ‘‘i - h ?  ■ r * - ' ' '« ’ ' T ' / y v , *  ' / ' ’• •■ .*■* „ v
J It.appears that Kelso obtained the same relationship^.,’^ 
he tween moisture, cphtent; and ,.dens i ty 9 fouhdvhy Proctor P .•‘-\'V. )»' ’.j v V*' * ♦< n •' v •: •^>* Vv'J ’"»' • V’ ;'r . -V .*'/ * •% '*>v ’.. V'fC* v V rj * : V '• ■ -';• ‘ : •/;:'’.' *
independently. ' The.compaction curve given Py Kelso' is ,
p> t v - . . *  •> "■, ' " f  ‘ •'? '? ■>-. s i  i / ’.* 2' .»'• - '* '! -*!' •.. V -V *  ' t  ■*' ■ . \ W  *  *J*V’ •.*'.; *;■• ' *.- *\ 2  ^ v \*  * V*»‘ ' *  ■'’ •fCV' #\*f- ‘I - ' . v , > ^ V  »
/shown in Fig, lh; . ’ , V, . V* - v-'/’ s/'.;:
.. :a ^  _r v / / ? / ’ , • / , v  •••■ •,.'y_ / . / : / /V . . , . . - r % - ;  -j-, V \ “’ •;/ f e s ?  V V r - ^ V V ^ r - ^ . su.- y V / - - / ' ■  ^ . = V '-;/■ .--^ *y-A^ •> 'r'‘: $ • •  I*.v i •;^  ^ v * * ; ••*'
, ';tv V , *'.*• a • ; v* v'’ '• / .  ; * • '; . „ • /( * ,  t - 1 r  . lr*U-*.V . V .-j y ; i ;i  * 5, ?/.*>• -^ v :v ' \< V * * V 1 "»%••* { ') / * » * / v ^ ’V  - *v?V
' Zimmerman (li), applied different static loads ’from a ' ,
’ •’{', .V l j * ' '* ;  *• '•> „  \  ^  ' ' . ' I ' v . ' v V ; ' . : ^  • /  • • '/ . /  V  V ' ’ ’ ' ' • ^.V *•"'■*' *: ' • /  -1 ■ •''•i'*’ ? o l "  V 5'/*  '*■' " '*/• ’W  ►*** .  > V  ’ , 'V '  ■**'*'£'* A  y-'iKt,' J  ’ ’' 1 >V' /  ^ V / .  tJzfi' • ^  s
hydrauiic;;ram:ito \chrmpac.t ; soil:s passing:/tfe:. No.4C) mesh .U/.S 
and noticed that• the optimum moisture- content varied inversely
•- l . , t : > si %*i* 7*ii ■>.' ‘ V ■•' ; * / / v V . l i / " /  *\ r i lV ' l  i »*.%■? ' t  ••>’"' ',r, ' v i  "v f - c  * > . , / y '  V * ; i  '•*" v,’.---n J?\ /  " -* •/. Jv ;• /■ / u  ; ' V ;/ r. ! , / f f  r ./* 1..- ' !'X r^ U r? «  L t / -
V ; / ,  . '  J" ’• * iP» .*< *" • ■ *’ • '  •>4v ?/  . /  ■ t  *v *V >2'' ’ '• • < t•i"*,t’r '".'-«'•"• • % I- < .ii * - » . I t  • * ^  ■**» /*  . ^ \  ^ vv-*'»» .>/•• • »'■' . '4X*/^v-> r * *with the applied pressure, contrary to the maximum density
' .;. •’ ' V .» -'•-:*• v pK'VVi V^ 'V/oT V vV'.:!V'<*;'V - V*" .:*•*» • ■'/ \v;V '4 ’ ;v': j v>;V\*,which' incr eased/with;:the;: ^  easei’in ^ pre ssure .V V-VV
/  ' i  »V . t  ♦ V  *.: *'•* • i f  .'"*■*• /a •• ■ • ■ ,* • '/ '• ■ ' fc'  r : '•*'#*• i  " ^ 2 -  ■yi i  ; 1 * '/  £ 1^ ' ’ :V V  1  .V  ?.,'V  - v t  i'*' •"" ”* >  * '- i  A*
place between two maxima on the dry side of the curve 9 and
v i ! > ? - V / V i - x  ^ ■' V i  ' -  V  * - •  V v  V - V ,  . ;  ' :V .>"•.>  •=*?;i / V u ,  -. V i v .  ; ^ ; V ‘ /
that this minimum inclined to diminish with the increase in-
x>^ . ,, * t T-*’ / ' •the compactive load. This minimum was attributed to the
v >  *:V v ' i  -T; r > V ‘.k-' ‘V i * : r 7 / v  - ^ d ^ v  ' V  ' V J -V- V  V *
bulking of the soil at low moisture content, - : $ iV /; l®5|
•f r * ' r  V - v  * 'V - v 7  , vi ‘ -  /■ V V j i - i i ' - 'V  *•V <s/,.v ' i V -,'V ,- '%''vV ^ r ^ - ' ^  ■ •‘•v"' ' V ' "  V ' V V V 1----'-*",>i V f * !Prom his test results f of the compaction ;of different-
/•  •. ," •,»*  •. , / ' ' ' l i ■'•■•/ 1  “• ! ' '•  ; ^  V /\. v  V V ;  - 1 .  * ' ^ T/ :' v V>'£ •■. * ;■-■•'■.=. .• ; . > 5 .  ' v V ‘ V - ' -*;4-V *  , ' '  v / / <  ~ f I•*}'-$+ *i
types of soils' (12)? he concluded that it was'not generallytTV 
true that the-filner the- soi'ii particles ,the'higher-the optimum 
moisture content, -in contradiction to Proctor!s findings;, ; i’ -
, • '^rV *,V " ’ • 7 Vf/■'V ' * > %7 V \ " '  W *  •:• V i - V  • i? r V 1-, 5 'V c  * 7 , ' y ' , , 7 ‘V A vr : ^ ; - ' A A ^ /  V A / V
especially when he- compared, ths ~ compact ion* curves he obtained iV
7 f"V‘j W V ' V^A'VvfvV-C/V-/v'VVV"^ 77!V*W''• V.; \Vi7V ' V V :i.-vAV'V.-K-Vi/7«^V<v^ VVAAi-1 ‘W"
for-clayey-and, sandy soils compacted under -the. same.pressure. '
volume of the compacted soil was measured and its weight
For .the same compactive load he stated that the: greatest •a /A: / 7: 
amount of compaction,can be. achieved, by filling the/voids of .//a  
the /coarser soils with the .finer material, but not much .gain '-//. 
was obtained, by mixing the finer soils with. the. -coarser : * A//- A /•
material;. // 77"7- 7;' V'A-' /-/A a : --y 7- . 7 7'/V'/ ’¥/;,,:;?/'/;:|''.
/ •;/ . In his -/procedure' to/ compact/ the vSoils ? ' ihcreme’nts/ of 7/7 ,7/ 
about '150 g. /of: the /dry soil, were . thoroughly mixed, .with .;/ ' />/, ■. 7 
different amounts of water and pressed in/a mould/under the a  
required load which was maintained constant;, f or ../one; minute /,a/// 
•stfter which the . load was released, and the; •compacted ...unit 77//7/ 
weight of the soil was computed.//y The moisture content:,;was/' -//a 
determined by drying the .specimens to a constant weight and // 
the dry density :v/as calculated. A, f , /a/’* //-/' A A / A y A  
; . Campbell (13) ?/conducted h/series of. compaction tests/.; ;/-/■■ 
by /applying/ different numbers of blows per/ layer -(5 - 25 b lows )// 
He /used a 4 in./diameter mould/with depth of 6 in.j.tapering 7 /•:;
0.2/ in.' outwards from top to bottom to give an accurate / />7' /• 7/ 
volume of 1/20 cu.ftv, arid 'the same 5^ /Lb- rammer/originally.. -7/7. 
used by/Proctor;falling/18 in. instead of 12/in. . to compact.- 7a 
each of three layers of the soil. • He found that the maximum ....7 / 
dry density did not increase substantially by increasing the I 
number of blows per layer from 20 to 25, "and/ suggested/to # 7 :a 7  
apply • 20 blows; per layer ixi. the compaction test, instead/ of /y.;yI7 
the:, 25, blows specified by Proctor, in order/ to/save/time and,7 7a 
labour.,7 -'//. /// / 7 ; . /'/ 7/7 / : > // / 7 A  //• 7'/ ■ ' ;r.7.7Z/-. '7y.
Lee (14) ? /performed* Proctor7c ompaction. test /on' different/y
types of. ;soils ranging from clay to fine sand? and found; 7:, ‘ y - A;
. that the clay? sandy clay? and- sand .groups had the lowest 7-77 7 A;:;; 
maximum dry density and greatest air voids.content? when < 7v.7/.-77- 
the sandy gravel soil had :a similar high . dry density to that y ■; k )7. 
of the loam, but .greater air voids content, 7 >Ie states /that yryiT 
s for permanent stability ;of compaction the .clay fraction 7 ; ./ 77 77:7'7 * 
should not exceed 30 to 35$! and should not be less than 3 to 7 Y77 
7 ; "/ ' 7/7.7 7 77:x ; 7 :* 7-7 • v; ‘77 77 7,/. y  ; YYx -7
Hogentogler ahd; Willis, (15.) ? have shown* that the maximum" 7. 
densities of compacted soils were /higher and their corre.ip— 7 77 77:7 
onding: optimum moisture-contents were lower? - the ^ higher the 7 .-‘77 
temperature at the time .of the. test. ■ They .attributed this •/7- 7v:
■ phenomenon to the total variation in the -viscosity of all;...:; 77v:7 
contained moisturev withvthe variation in temperature. 7; 7;- 7 7-77/7 V /
However? they state that: soils compacted to maximum density :7-77 
at/ lower temperatures, soften by a 4 rise in; the.ytemperature, : •  ^.-KY 
In*.their tests they applied. Proctor ? s apparatus and 7 / ;'7. 7 . .7} •
• procedure on three different - soils,- By increasing.-the number 77 7: 
of- blows per layer; (10 - 35; blows) for the soil tested they 77•
:f ound; that ,the .'greater/ the" number7 of blows ? 7:the lower: the 7 ■ y.'7:■ : 7; 
optimum moisture content and the higher the, maximum/dry density,:77 
Prom;their^compaction tests.on different mixtures of soils? 7 .777 
they concluded that for equal work of compaction, well.graded 7 
mixtures were the densest,, . .' 7-7 7 / , -  :r •;: : •' - ; 7 . ;  ; ' 7 ; '_7 f 777 7 7y -7 7 
They recommended to compact soils of .; optimum ;mpisture ..7 77"-
contents, slightly, below the plastic limit with* ihi%l&iT77777; 777 77: 
moisturecontents; slightly above;..the*' pfest.ic7limit ? so that/ • / / /.-.'.Y
i /  ■•►v*-x. • y y y , *  -x- 7* '• v V *  ••■ • v  - v. •'■•■* - • "  v ;v / y -7 ,7 , 7 .43* . ' . I * / "evaporation during compaction* will be sufficient to leave the ;/’5, 
/ " * 1 ' / 1finally compacted soil- in the semi-solid state, y j
yy *;-v-v-^ /;.?■•'7*7X-777X 1'7777/7.:./ Y./7-/7xy/i77y!;y/Y/77.7y/-777/7y/Aiyy y>yy/i777yyA.vy"%7Y 
y’\. Hogentogler/iTr, (16)? presented his film theory in an 
\iYJ. X >.%///’/V*'Y77/'Y*'77/ ; "7/ 7-/ 7,7:“'%;?*££«y yi*y7/V7rendeavour to interpret some of the phenomena associated with 7yj,v; ,7 7*7 ^ •; vt;**V'\7 *7 • /V" v^r!* 7:7• ■«*■'• "7. ,v7*'77 yvvV /1/7 ^7;’77V;xr7,FV 7-77^ 7/777'7:7/^ * 777^77 M
and other theories advanced for the same Y
\  • • ;  **# y y  •■* ♦ ;  , y  ,y. . v '- 4v -  ' - i i  ■-’ * v  *.v. rrY * , i ' ' V  ' l 7 ' ‘ *’' ‘ 7 ' * ?- /  * v  - '.* C  *y ’*■:•/ '* •' ...’j* - * v / ; . % V O *  •*'■■• v -1’- V *1- j - V » . - .  ••.%> ;purpose will be fully discussed in a later chapter. * * 
y 7 / Compacting the same soil under-different static loads 
(50 lb/sq.in. to 1000 lb/sq.in.)9, he^f ound that there was/ &
linear * relationship between the static load drawn on a log-
scale and either the lubrication limit? which is the optimum
)^igtu^^c^ent5|e^)^sSb®h^|lfte^^™etric percentage of the^ 't:
VY07^7'7<* Y .*.. - % - : t.Y t Y*,V " r*\^J • V; r* ' '  *' > 7 •-•'**/'i")' •'.** ' •’ VX“^; Y ,/7v“" f7*7i7 t\< Kr / /  T* V* •* *■* 717;* V *'!rc!; / A»y\ "'V*' 77 X'A ’.5*
combined volumes of soil solids and moisture? or the maximum ; "
on'an ordinary scale,/"!'v .Vdry density yy when;'they.latter ywas drawn 
!They relatldhshipybetweenS IhbY/lubricatibhYTM
ponding max ; .dens to7be iinear when b oth ,
were drawn on ordinary scales. He suggested that those curves 1 
could be used eis ya means of control fof-7& .cohstruction of ’
‘ .  ^ ^ , >■ ,  r , -
■ . . .  ' ’ i , ; " . , ; , '  ,  C .  " “ -  y  ^  *«■“ ■ : * i5 . " v - v s l ; :  V » * v ! ' ^  ' • y ' :. ' -
earth embankments? and states that the moisture content of
«• ;?t • 71-1 “ -I .*. *■•'' *"Y. i ' 7 « V f  7 SV* 7 ■; y y ’y V*; > '  -77 o7«A . y7f v*^  7777 Y/y- */,. A 7 / I  * ^ 7 >7 VY .771'>^7 r  7:7? ^ i y / T H  ]
soils during construction may vary up to a maximum of 5%9 •Yyxj
y y (.■ yy.'*'* ~'*>k.’7 '•y'■-'*■• '■ XA'-AYAyxxy Yyy ■? v i* 7^7 777 < yyyy yyyyy: yy x'7 ATy:i7 ey ;:V:0^7each7 side i Of ^thfeAoptijlh^
7777777-777^-77 *>';■ .* :v-=..y*y -y;',-.••. 'j
s and Havens (19)? recommended Proctor's , :
V C  >7*7 '/7 / ;  7^->77 yy ; i 'A y Y . , Hj ♦.'• '7  »< ,\V f*rT ; ' K7- ■ ' C’"* 7V> / '" y s' *5 7*7 •>.*. ,7% 7 , '  / * • > x** 7y ^Vk7y.'<‘^ <r-y .*•'/ - -?7y7'^5,i
7'- ; 7 vV17 \ 77,yy 77;> yS i$ y   ^ 7 . k *7 yx*,:;:3Vk:%''inV7 ./ •/* .. * v 7- ■ *:. : *‘ V4%,J< Y<*7 V •*'■■' 7*'l- 7 7 'i l  7 ' 7 r yX7‘iY y f7 v V '  V v v>’ 7*' N-e• 7 ^r.vll
apparatus and procedure for the determination ;o‘f ,the optimum p '
7 7  ' •  * A 7 'V :  7 *  i*. \  7  X '  4 7 <  7  ; 1 7  ', •* -  f 7  i  7  ' V  '• * ; * '>•«***■£ * A -  7  • 7  7  * •-•’•.* : lyt. . y  r \ Vy 7 / ^ y > y v ,  i- i 7  /•• •:'• .-7 7 ' v- 7  ' •• 'v « t <  7*7 .‘Knight stated in-(17)? that 0,A.Ho"gentogler found the
* 7 V--7 7 { 7 ^ ?7 Y y  . v  ;V i%  • V  « y / 7  - 7 - iy .y 7 '7 .y '':  '77y7. •y,'7 /7 f#y,. " '7 ^ 7 -7 ; 7 J • ) / / 7 / /  ^  lM,V l 7 V.^ . / '  /. 7} /y,.7% ^ ’7',:yyy.r V  y;^;7?V’ Vv - 7* y S ' : *
: •;$;?' I* * « }  y * ■> y.v > , .* /. <7 >« .> •. J ' «-77 f  ' v \ ‘  ' : * v ; . ..> 4 >.//= ...77h . ♦; /. '7 ,7  7  V ;^ *V «  yyt,. v 7 7  y %.; • • r7 A 1 7777? 7 :. • 1 V  7 7/ 7 ,; *>  v>7 7* 7  •«? ,;::7 M 7 -^7not trace any reference to the linear
"7 7 7 V 1 7 7 'x  777./."' 7•7 / 7 / 7 ;7 7 77*7-7 7 - -  y - X / j . ; . -v< V / ^ ' v  V ;V C ?  , v*»*• s^ % * « t . ' X5; 7 1 x y : > ' : ^ ' . i ^
' \ t ' A \  f 7 -' n  j. -  /  : ' * ' ' ' - * ;  7 - 7 y / / '  ^ . * ' , x-x 7 / 7 ; ’ ' "  ’ 7- ;; /Vrelationship in this paper,
/ moisture content and -maximum dry/densityin; the field?/they/- / A;
prefer the following procedure to he applied in the laboratory.- 
" ' The: soil is to be .mixed; with varying /amounts of water? and / -A A  
15 gram portions of the'mixture are: to; be Compacted-in ,/y a v -A 
• . cylinders of one inch, diameter;'under 200 lb/sq0 in. pressure//I 
The/compacted samples are to be pressed out/of the moulds?// / ..</• 
v: measured for volume by displacement /of mercury ?! dried/ to.., / !/ T ’; / 
...constant; weight? arid .weighed;. //The! moisfur e contant of the //. / :] 
sample having the; greatest .weight of soil per unit! volume/is / ;/'!• 
the optimum moisture content. ! ■ .’ 7777 .A .!,!, 7 -y//!// ’
, ./.. Ehrehburg ( 20) used an ■electrical" method >to determihe", v v. j 
the moisture content; of compacted soils;? and found that this 7/ /
. method .agreed withing 0. 2  per cent ? with:.occasional variation /; ! 
/•up to 0.6 per cent?/with; the: ordinary evaj)bration method. A  / /"r‘ j 
He pointed out' that: the electrical methodshould;^be7;cbnfiried7/'7;: 
to; homogenous soils/ which condition cannot be fulfilled in .;//A 
the field ? and that every. type of soi 1 requires a separate/.-.,, /7 
calibration chart for: the/ moistureycontent ■ determination. ! / 
; / / , In; / a paper published by. Hamilton? Stanton?/Johnson? A-• 7 
/ Woods and Casagrande ? and. arranged by Allen (21) ? Hamilton; • /; /
./concluded from many observations in the laboratory and in the A / 
field that? in general? the density of compacted soils is a/ /■• ; • 
./function of the work applied /and that ?1 within limits;? the / 7 a/a! 
method of applying -the/work; in the laboratory is hot important?; ;:j 
while the increase in the . roller weight in the field is more 7 y ;/.’7| 
effective. He also observed: that as the compactive/effoxvt 7 / 77'
'7 V  7 12 — ' ’ ''
* £ f .increased^ / the ;maki^ ; dehsiiy- ahd / increased , yy: .
.jnrheri" the optimum moisture content decreased,, and that a
• : r * \ 7 M  , y A *  : / A ( 'v ’/ 7  7. *''. '7  •'). *r ' j  1 W  . t f V iJ J jv i *  y ^ 'v -A *  A 7 /- .  ?•’* ' 7 7 •" }>- •;.:.7-;s- y X :: . . : / y  ,7 ‘ - ly .-v A * 7 y  ; ; *v*7 ’ ;y
significant reduct£pn^in the settlement and permeability
r - f y  /,*<  - $ ' * } * $ $ * • .  • ; r  • '.*  7  ^ ■ • ;  ' ; .■ M t '<.•**’ ' "  , ' .  •;. y „ ' ' y  , * • ’ f y  - < /  , y y  y  7 -t . j>  / -  y  y  *
took place. He, states that materials placed dry, show much 
more final settlement when saturated than those placed at the
- optimum moisture content. Prom the settlement curves' ' u ■ I *
. >■- yyy.yy,/\ yyyyy. i 77^ 77V^7,7s7:';^ 7'r77^77777y 7’7-7y t 7V V 7^ yr7|y .y/7liillustrated by'Hamilton and given in Pig. 2,' the writer noticed”
f t > > W l  V ' v V  y i * * :  v :  ^ i X V > ! <r^ i £
-A ', S '£ $ t.  •;••'•>;; 7 v , y  y  * ;  •;• r ?  7 7 / \  * y  *► V; % - • ;•• y  S „: *: V - 7 C -  •; 7 -:" w- y V v  / * > ; . *  7 ; ' - v  -7 /Vj •■•■< : -,;v - *  J y  K y y  y  y  y  V  y  vPp y jA
that ' the minimum , settlement does, not take /place. at the \  7 - ' k  _y; 
optimum but at a lower moisture content/ * - I 7 ‘ f :  ^ .
.• •# \  •, i  - .•■*■» f ' ••, ; \ y  \r-r /  '  * > \  -' - - ' v '  ff f*\> ’ ' •-.! y  y  f--A L/ v ; / . , ' ,  ■£./* # y   ^ * 4 - ' I  ■ •• * i  / , '  /■''•• -v A  /  <•*/■•■ ; ; \  , 'f .- . > i : 1 >■ -i.' ’ *> /  / / , / v  ;V ^ 5^ £ '?•&  .:Investigating the effect5 of drying and rerunning-on the ;' f
‘ 7 - y  /-/•’ ‘!".r ' y   ^ •• ’■ y; .//■ 7 -V rV ..V  '' 7 "v* " ^ -.y =*. ‘7 -7V ,• ;, ’7<?VV ..7-i ' 7  '• i v ■-*' >: .7-/..7,7^-;.77v>y j  /■ .•---, y . / v - y l  k f
compaction of soils,' Woods and Litehiser (22), .found, that:-the\ : ‘
7 ' i V ' 7  W  7 / 7 . ^ 7 7  ■’’ V i v V ' A /  ^ vC7*i **- •.* v : : v y  .7 7 ,7 / \ . V - 7 - ' / 7 / 7 ; A > ‘5 ' f 7*77-7 / /a  /"'..7/ . V '^7-'A7V?7't?7;
curves 'for the five runs were similar,* and that* the optimum 
moisture content for the' first four runs decreased with each-y; ; 
succeeding run giving higher maximum dry density.. - -For. these
- „■* j-‘. y  ,V ‘ ;x: it '* '* }**  V*; ,•■•''- • / ’« /  '-1^7-7 7 i " ':' ":‘ '•'' '•• y "7 > V-..> •' / '  7 ^ /7  • * ,7v 7 , /  T >7 / : - ‘’- '- /7 i7  '7-^ 7* 7; 7-. vf  • -'y 7 ; / /  .S”1 \  ^  : . ' . -V '., ‘ ,:ly '?. '■y/- ^  *>\ £'■
runs the soil was oven-dried, and mixed with1 an initial moisture
.> \y  ./* 7 7 .’ '  :*X~% '= '\  Y,Vy "'-y* ! v  v ■ '  ;--- \ ^ r:Y''y ■ "S'Y/ y  ■* ; ' .  f.y * j"-‘ /„. 7 - / , . '  ;- /  /-  { ;  .1 ,■ ? / .  .-7 ■; ;>;T: .- ^ v  V ;... </S\ ■. ■:■ y  % ' . / ■ ? / ’y  'T / y * ' ' '■ V7**? <
of,about 8 «-^ 12?5 before compacting the soil by Proctor*s > s^ ;;T7-;7
v V \ *  .r • * y * / '  "•' ' '■*4 ;  ^  *!.*/■. 'y y V  vV--V:.r - y } . j '  y y  y / , L ; / /  •/ /•  ;vr '•'> . u *r /  ' K*  >- /.. : / ? y » 7 7
M y //• ;/ ,  y ,  v "  y  \  yv, ;/....» /  •;- ■ •i >*-y ,V|, v 'v 7;/{ ‘ f7 -y7 “\ y ^ >  *y  • V v" V *;V W A  *r7 V .7 H -V 7  v V  A y 7; f v & ( - 4
.■procedure „and apparatus to obtain the ■> compaction curve for 77 77
y  '*  ^ '- / '  v7 :7 ':S'•"''' • ;’7^  7/~v-■'7: -,N y-.J/ v  i" >••'•=7 , ' *•' --V vV'*?'^ ' A-\7X7 ' ' . y  '• *J5-1 - iS e / -v- ;:fcJ^ V .V .% j ^V !
each run. ; They have also shown that rerunning, the tests 7  ^ty
7v7 ^/V7:V;>77'-' / 7 ,^v '7y / y y y 77yy T fe7vf*7'f>y- ' V ' a . •■/
without?permitting the, soil'to he drier -than 12% moisture did . v
y V  ’/ ' i  7. - .7"7v ' ’' ; ; ?  .*V - -■' f /A *  7-. 7.7V‘ >’ 7 A 7 '7  . * • % » * v ^ y s- 7 / 7  /sy:y . y ' / y y .-7 ^ -" / V '  - •■ y / y y y y y y  - •'■ = > y / A y y y V 'y A f - ■• v ^ v‘'
not affect the maximum density and optimum moisture content H  7 V
y . '**?"'? ' >t 7 7 , y / :i y  7 V y ^ ' - W  v y  7y : y  v7>v7 '7 f y f  y^y y ‘vv,, 7 y -'7 ' , 7 *' A v , . / y ” ' i > 7 / 7 * \ - y A  -7 V-f{ r 7 A 7 ; 'y ' :777/f,V ,V -y 'y.'^: : A V A y  V7
.. >-*-■ - ;  y ^  '/ •/' **s r . y-=yp ’ y  ; ^ ’ '.!y y '- - ‘ y v 'y y .  ^,y-. - y  / ’y  y /v c // '. / ' "•■7-■•-7, A * 7 .’- - y y ■ V /y f-v ' ' 7f: * oV" •?y V y  V i7^substantially, - after the second,run* However, a'significant -y
effect for the second fun was noticed on both the optimum A  y '
moisture'content, which decreased,1 and’the maximum’dry density-A:
?v 'y y / y A y v y  7v.yyiyA 77A / 77" \ $0 %which increased. . The curves for-rerunning^oven-dried samples
y ; r y "•*' . ' f 7 - y  y ' •  • yy7f ^ <• r ,■. . ; 1 y  y ;  ^Vj-v ;y  .y7;.ry  r ■ y y , y 0 " / • y . ? . A a 7 A V / v  A  ■*v-“ -7 2 X /  ..V /A y y y  7 - y » y ;^ : yy  V / . 7 V •«V  V ? - s A 7 y A " '7 y
and that for air-dried samples, were;found to be different.’ 7: _ / y
* ! /.  A " ] V v  7’V i  -•:V :£ - i? *  " - V j . y ' / v V y y , , ^ - y 7 v , ’y * *■ ;y ? y  .A  V > V 'y 7  i  y y A y y )  v y '.V -y ; V y - A A V V  *y y A v v .y- " / ;>‘A r A ? ? y j/:777 'iy7 V 7 y 7 ,y 7 y ;
They recommended to start’t^6 compaction test,when‘the soil V/’ ■ 
is moist and without driving, all the moisture outy
■*’ ■ /. ;CVS'; '^v V-Tv
- ' ' '’v' ■ ::: t " ta:^e; No. * 1 ,,;y ? "7 7 ::i S r - \ • ;■ ; v
y- ■ ' : y.Classif icaf :';on of Soils according to. theife ;J. f > Jt-ji 
Compaction Characteristics given -l3y-/kyW.-Woods/-■ • 7 : ■ -vi-t'L- 
v •: . >'V •:'* ,;Vand'. R*;R’• I.iteMser0 1 t 7 •-?' I;v’- - A -'Vi;>t’
. Embankments under 10 ft . 
placed on level Foundationi  
and sub dec fed to Minor 7O 7 t-
Flooding.-;'. 'r ; . -7 7 ;“t.v
/ Embankments under;.10- f t , )■ i 
placed,: on slopihg;Foundation«i' 
and: sub jected.,'to- Ma jor.i ;'V -\y. 
: 7 Flooding o '. *■ f \f >ir; i i-i. v t-;
Dry .7- 
Weight 
Peaks 7' 
Tb/cuVft.
: B7P7.R0 ■ i  
7. Olassif i- 
, cation.;
Rating,: ., Dry’. . 7. :-r7 
■  Woight-.-/ ; ; 
7 Peaks ;' ■ 
ib/cu, f to
b.p.r;o7:-';; Classifi­
cation ;7:
Rating
90 and , 
below
■ A5 9 A8 • Unsatis 
factory.
f 90 and - .' 
below ; ; ;
A5 • A8 Unsatis^ : factory'-;
90-100 A5 5 A8 . Very .'7 7 poor .
100^110 A67 ;A7-; '• 'Very i rV': 
; poor' .7 7
'100-1 1 0 ; : A6 ? A 7 , ’Poor 7 110-120 A4- 7 - ; • -V Poor
110 -120 A4  >' ■ / - . Fair 'f t -•120-130 i; A3  9, * A2 j - vFair 77
120-130 A3 9 A2 Good'.,;'. . • 130; and ; . 
- above 7 v- v
A t V ; ; i "-7 Good 'a 'I i
.130 and < 
above. : A1 ;; V
•> «<n>nwm  nm» »«■—>
Excell­
ent 7. 7 7 7
.';7 -r 7 ; : -i- 7
- >- :*• This . table-•; is. quoted from a paper published by ;K.B„: Woods p:
in the.. Convention Proceedings of AmePican Roadbiiildersl - v 7 7-
1 ^  1 • Association; 1938 * / ■ =..‘ 7- .7.iif ;, >•• • •. •' . \. .i 7.' 7 ,7 % 1-
■ f f p BoPoRo ■ United States Bureau of Public Roads.' >; 7 11
•' t’: '1
~ • 14 —  ’ v c :. . . .  ■ . ’ " ' ’ ’
/ • ; M lrx the same pixblieatlon they -developed a method to
classify highway soils according to their c ompactioni- ,-f7
characteristicsfin Table 1 such .a/classifications is ; given I 
compared with that of the;ihS.: Bureau of Public Roads;. .. i,.
. ;• ; ; ; - Wlnterkorn and Moorman (23:) y * perf ormedithev c ompac t i on|f 
and other soil properties tests on natural -and homoiohio -• ft 
Putnam clay y and found that the curve for the; felatidnship/f '. 
between theoptimum moisture content and maximum dry-density; 
was 9 in general s ’close ■ to land some what hg iheri than., that for ;i 
the relationship between plastic limit- and maximum dry density 
They state that there appears to exist ayeoineiatioii; between;; 
the shrinkage 1 imi-t and unit. dry weight of tlie soi 1.* at the • 
optimum moisture content. . • ;;;/ 'I V 4\.: f- vif1
. " ;From- the compaction curves illustrated, by Woods (24)9 
for the effect of temperature on;'compacted soils; itican bo li; 
s cen that the ■ higher the • tempera turd 9 the higher i s the ;: 
maximum dry density of the two * types of soils used9.;i „ e. fy- 
sandy 9;. and silty clay soils;; He states; that •'.a required ' l l
m . . In the above-mentioned paper s Woods.llllustrated the 
compaction curves for one soil only. .In another paper ? -V
if Be sign. and. Construction of •; Highway Emb ankment s n;. pub li shed in 
the Proc. Purdue Copf, Soil Mech. (1940) 9 The- Eng .Extension .I.
Depto 9V Purdue- University ? pp. (355466) 9 . foods illustra.ted ;lthe V 
compaction curves of the two soils referred to heretofore. I;-
density for, a given soil may be obtained much more rapidly gp| 
in s•ujnrner,:than .in .wi.nter ?‘f-and that the continu.ed. /working of /. 7/ 
803.1 'at, Proctor' s optimum is beneficial,in obbaining /hh 
compaction, 1 ‘ ’ « / ‘ * '•?/::-*
y:7 7:/y7He7c.et_jLl:©dl/c/iiiO'yStlie;/attehtion^  density 7 - y
i through/Q impact ion /uhder^ c control ? should; b e ; y
such; that; the:. r e m a i s u f f  icieht sixe and /
yolume to endanger the' structure when saturated,
/y07 ,;Por the compaction test? Sinacori (25)? used a 15 lb,
rammer. ’ in;place/ qf; the; 5*gy lb:./. standard Pr6ct or yhapner> fallihg 
12 iho to give each soil layer 25. blows, -, He found ,that 
increasing. the we.igtit; of Z the rammer as mentioned gave 
cohSistdhthfesultsvTOth;/!^ / qt> tained if ro^
of passes with the available sheepsfoot rollers.
7/7yVyyypdrtbr y,f2"6-ir?’hfound 7bhat the permanency of the originaiYr/
J'fyi i  . ' ! 7 y . ^ x h 7  y  • •• v 7 - v Y f  / - h - , . v  • **' ' . - M t n #  *7 :7* r & V  v - I f A' c Ky ?  . .  y ^ - V ■»'■*< j c t ^ i  *? v  ^ y y  v ? >  . / • • ;
' . ; v  * /  V '  <r %-:•.* 7) '• < V s ' •% «’ . r~74 V * T V . A  .> 7  ” • v •• ' .  - . V h ' ; - * '  ■.'•; * -V Y .V  7 *y:  -7X. y-'.V '*7 ‘ t f - »
• v . / 7‘ - h  / A 7  V  ' '% :* '•  4»-. - 4 v   ^ A .y *  v '• .*« *7 0 / .7 .*  • * y ' * y ’7 7 / - 7 ’ »Z iT -v )  y ‘ *> v  ** y ’/ Y ’i / ^ y  t.hdensity'of expansive compacted clay 'soils was dependent on
•v * • > ' ' . ' ,  v :^ > >7' *v„ ; h.v77 ; 5 y.%* /A h -r v -  ’A
.-•■.V ' v r *' ••• *-‘ h  **1 * »v » V *  • » . >;-v \. 7  * -«*1 * ?  . 7 ' ' ^ ; , .  , s> u - , ’ ; . • •  • ,* A * '  ;• • V *£ ,v r t j  * s  ^ -i *■' '' ' A  I*',* ; A 7?*•»*>/ * .'• - '* •  * '  " v  « ” • Y V  c i Y v  *k;** t
rapidity with which additionsi-lfty.-'%,v*xy.•;yv?‘':-v '■ ’ -■ 7 '77'vy;// y./'7r/^ry.v/v -'vy v/y/• ^ -•:7/7■ - 77777
water came into contact with the soil, * He has also/shown-*
^  ; : A / 7  ■*■,,, .?:?'/ .7- ■>• - 7 •,/ Yv s\\ -7 * *y,,y ‘ ,3\ 7  y./•> '/ /-, ■ ■•'•■ yr...;/ <%* B\r»7AV:- ’ ■ • : y  ,y- ■* th.,y; y y y ^ •;•• > < ; y'.;■’ , ■ . y . ' , X" - ) ' ■-•■ • / vx'77',".1-''X'Av/Z
' 7 7 *  '/■ .7/..f", ' . ; v  ;-v > /- 7  * l / Y . y v y A x / / . '  > • / - . h ' y / / * i  V y  h  . / / y C ;y  - A V A - 3 \  '. ? : • > / * * .* X v ^ ]  -5 y 'V ' '  y t y x A  v A ^ y y ,:h  •"• V ‘d -7 -- : n
that the drier the'compacted soil? and the - quicker Ythe water;, >'
<Y 3 ' , , ‘ . v.. / .  , v- 7  7 '- k .  • ;  ?f« 7 -  7 .7  ^  ••) • •■/■ : . 'y * -  -• ,•- “ ■-i-Pv •/»■•'.. ; A  < - 7  y /  ’/  yy t-. ' • ? k (.'■* --.y: .  v  / /  ^ ; rv : y . - £• • /  ^ :
comes into'contact':'with it, the more readily will the soil J
• .^ . **,‘y 7y y«y.y/y y  y ;*'<$/ - • _ ’ . ..-y,X% *•*.* V *  ’ -‘,7 .* ' Y-;'1 ?/y /;- /*'• y v  -y r/ ’y . ‘ T y^yy. y :" / '  ** ■•• y ' ' ;,yy.< xy  ^y y. - 77y~ / 4 ?y 77,y 'yyv7y'7  : lA , y7yyyy'• 7-7Vy;yy /yyyy /fK y /77 777-7^ ■
■ : •'•• v  % v4,.> .. A?y «. x # . v.>••. •,■■ v -y vy ‘ yy - *• ,«***“ j »v.: j **■ * ■••: y 7Vyy "r *f K.., v  i - /  -7 J ; ; /  7-. * , f *- , :.y^-7u- ?, ■-_ y  v  .. -7;/■ ’".v A '  7, > f A 7 vv  •\15-:4 y v A 'A 'ty
disintegrate.* ,
: 7 - 'V 7  /  /  > i y y / ; \ , / 7  . . - 7 , 7 y 7 :’ " k 7_ -y / 'y . - y - v y  7 \ 7*. 7 •  /  y  y/>  . .7  • ■;< . y ; ' /?'■' 7 / y y  y y '  Y  ?5 j  / y :  7 / y y . .4y  •■• '••;>'• *••• >• / r  >7- . v7 : ,=-• f « s *< t ■ / y  :f- y ^ y A ' 3 * Y 7 7 V .  -
■ . ' / 7  / .  .** . 7 7 <  -%f / y x ;* • 'A / :  7  ? 5 / / / £?y y / y / Y  w ' y ' / y y / ! ■ - v v * V  ■ - ^ > 7 - ^ * * ; , - v ,  . / v,'J/ y 7 ' . •  ^ ^ <i->--■ ,. .-i<.'\  y ’-/.> * y *~ ^ / / y _y :•.
In coarbraet? the wetter the soil is?, or the*slower ity /y py^ -yy/y-vy yy/yy y yy ;./f y^yyyy *7 A Ay 7 yyx /f Yyy /yYcy c-77' y-.i/777/ 77y -.77 7
*> ■/•'' ^ - 7 . ' / ; ' :  - v . . >  • , v _ - r y y . , - , y , '  . ; .  *.•. . / . y r yy.;-/- x  y * • " .  'v -" , y \ 7 y  y r7 y - : > 4  yy  y y i y l y  y  ■• /V 7 . , •  7 .7  y ^ V y y . y .’ 7 - f / v .  V ' ^ C W / ’V  y / - v C - 7A 7absorbs water? the more'likely it does not rupture even-when-' 
it is submerged ■ in, water after slow saturation. ” WSSiPM§©
y i  A .y  \ \ ^ V Y j f y7^;.*.:y  7 ':y ^ ^ 7 s ^ - U y t y V > ;M ,7  ?  77* ' , / ' . U y v y . V ;? /  ^ * ' < ^ 7* / Y - y
7-'?»I s, yy?1, 7 / % ' '  y  *7: v  y/yy-.r:-- _ •/ • 7 . ^ ry_yy . *» y..(.,x v y -  ■»; .5, ^  y , A y , ' v y . s ,  7 i.7 y >  «-y*y: ~ y , • -. .ry  • .• y ; .. v  —• .*.• .A  - . . y y y Y :v., 7 ' y y ;'y%-,
Conducting swell tests on'* compacted soils ?^NewnamyJr3 ’ A
(27), found that the contributing condition towards * soil 7' §p7J 7-;ry777'7/: -Ay7 ■Y7y77y77v7^ 7,7.7A?7$7x7^ yyi
swellage .was neither its moisturej content' noi** its- state* of 7  ,
• ’ ■ " ' ■’ ;A compaction singly 9: *but ’'that combination which resulted/in the
yj-j minimum air: voids in a given soil compacted.under a given . .. y-.v- 
• y;‘ pressure* • " He sugge st ed/l that . the/compaction- controlyshould yVyy 
’ y .7 be based on the: tuniBmm air voids of the compacted soil and" i y y  
not’,oh the relative density as originally suggested by/Proctor*; 
;• ■ • *.vy .//• y./ y Buchanan (28) introduced; what he'.called a modification.. / 
- ;-y j of the interpretation of the compaction phenomenaygiveh by^ yry' /
’ /• t Proctor. This :wi 11 be discussed., in a later c h a p t e r yy y
y h ’’' Varying the number of blows per layer (6 - 60 blows); to ■; -7
-. -*/ y ‘ V ycompact/;ale layey silt ' boil using,: Prdctdr? s apparatus/ and'y.hy-A.y 
procedure9 .he found, that the maximum density ihcre-ased with •; '7 
- .' the Increase in the number of blows and the' optimum moisture i-
 content/, decreased,...
■ >’■ ; . He conducted a series of direct.'Shear■'tester oh tlie/ :same^ 7yy
.. s soil comp acted.. to .different maximum densities by different • ,• ,.-y 
numbers of blows P- and found that the .shear strength increased'/-
y with the increase in the number of blows but approached a I '. ■;
-•/ ■.limit' after which \ ‘further; increase in the number of blows
>.’ , y added little, .tothe shear s t r e n g t h • They s ome .char sip ter i s tic"/ 
yy Was. found true 'applying different nbrmal ’loads for the shear/- 7
. - test; although -the shear strength Increased with/the iner ea se /, -b
in the normal loadP for the same number of blows. He states >
r -. that/the .shear...strength and thqydeilsitylof yaompacted soils/,, i ,.y
/ ..'//are related, ' y' /'..V .". / ' s < y:'*7“ V :;7 ■’/ 'V  A
• • ,«;'• ’ A .1 • <•.From his permeability tests, he found that the coefficient
• '.-./ .y of permeability /decreased with the increase in the number :6f7-/ /
blows9 e.g. it decreased for the clayey, silt from 13 x 10 '^7
’ to 2.8 x 10~9 for the increase.in ’ the number of blows from Ky 7
6 - 60. '.-7 ' ■■ ;' f  y - y  y l7'.‘-:f : f ;  ?7 ':; i
. :v;v . Holmes,: RoedigerWirsig and Snyder (20| published yffyl 
the results of their , tests on c ompaction and. other tests. 7 
The compaction.; was conducted by applying total; static loads ' i 
of 10000 lb. ? 6000 lb. 9 and other loads which gave Proctor :/f .•
■!maximum; density to form 2:.in.:diameter by 1 ; in 14 high ; f ■ yy€fy 
briquettes c  7 They found that the .density, increased with .the 
increase in the compacting pressure and was accompanied by 7 .
progressively lower moistures. ' They noted that a simple ; ■ 1 ' yy 
Irrelationship - existed between! the; maximum dfy •densityvand - 
corresponding optimum;moisture content.9. and the slopes of .the ;;y 
resulting lines, indicated that good soils exhibited more 1.
rapid increase in the dry density than poor' soils. yl 7 i
The required compactive static load to give densities! i: 
similar to that obtained .by the. Proctor method,, .awas .found: to :f 
depend on the nature of the soils, indicating thatJ'4000 - •;"••; • 7,
5000 lb. were required for good sandy soils compared to ’*•
400 - 700 lb. required for clayey si lty; so 1 is; 7;thus ;suggesting y; 
that such loads might be used as a,>~method of classifying;soils. 1 
. They have also noticed that the maximum dry density obtained 7 
under Proctorf s method occurred at higher moisture content ..7 . 
than that f or mixtures having Hubbor& Field strength, when '1/. - f 
for the 10000 lb ; .compactive load, ; the optimum moisture).contmt; y 
• coincided with the moisture, content for maximum Hubbord strength.;
7 ■ — 18 — • ; . - . .*■ • ‘ 7 .7  -v-’*. -V--v’ l - f i l l
7 ; ■ They derived the following empirical .formulae for (the- Sy V
relationship between the static' compactive; load; and^optimum; ;n 7
moisture' content and between the former and the maximum dry f
density.,: , .7 ; J/f, . ;• -7 ' *- 1 :. *• •; ;y 4
. - * log- P «7 ~;mx +. b ' 7 . ; ; 1' 7 (l>l) ;> 7 7 ;
where *' ‘ ■ 7 p = static-load in l b . :V 7 7 ; (77
x . = optimum moisture content ?o7 7. : 7. y! .4 -7.,
. . m and b 7 = ■ constants * •. • :7 ( 7
m was found to beieqpal to 0.9 rforis-andy soilsyand 4 7
to 0,3 for, clayey soils. fly' 7 .77; 0. 7. • , ,7:7 7 ' .• 7 7 7  7 ,
:' * (  ;  ’ . log P,  V « Y  ;hD <f C 7, 7  ■' ,.,..7 7 . . * ... ;  7, 7 ; ( 1 . 2 )  7 : 4 y
where P . static load in lb. . \ y, 1 7 ' ■ I f l . i
- - .• ■*.’• D =s maximum dry density in Ib/cu.ftV' ’•/ 7 7*7
■ " \ ■’ n and C y. ss  .constants . Y y , .* (  ; / :Y ./.Y  7 ' *77 ,*‘y  7.7.
They suggested • that the 'load required to give: maximum;*-7,. 
compaction might serve as qualifying soil indices. 7 ( ;V 7
0ompacting the .same soil mixed with5 liquids of differeent 
viscosities under the same compactive effort,, they found that V,;’ 
water in general produced compacted mixtures much;lower in 7 -'.'7 
strength and greater In density than those .obtained with .other; - 7 
liquids having approximately the same viscosity. Accordingly •/;: 
they concluded that the. Important factor in soil compaction 4 R 7V 
should be the production of structure having maximum strength! 7 
with secondary consideration being given to; dry densities.' 7  7 ?
( ’ ; In an endeavour to determine the very.well, graded gravel* y 
that can give the highest maximum dry density Shaw (30) ,7 '1 7 7  7 7 
carried out extensive compaction tests:applying Proctor\s 7 *,777 
apparatus and procedure. • He found that . the grading given Y ;
*• :-;v-' :'^ 9';^ .^ , “: : i ' X ^ - i rV^v: ‘.:*" i;'"v5-3^?.-
in Table,2 yielded an extremely high-dry density viz.. ' * ; • 
165.7 ,3£. lb/cu.ft. or 95mt% of the';true jdensity, and* suggested 
that the ratio’of the maximum compacted dry density to the - \ 
true, density should be considered as a;measure:of* degree of -; 
compaction in preference to the- conception, of percentage-’of ‘
/*  .. * *V‘«  - * V / *  « % \ * :*■*. \ . ’v \ " \f' ■■■/ • - ;.. ■y .s- . - u- y  - 5' .  ► * **'. ■- * \* '■> -*? ‘ \ r f f ' ;  ’d * * ’ - V  l f / ' M /  V v f  r i . ? **s?,y > "V < > ' 'Proctor;. maximum d ensity.
V * J.  f n  * * •* '•"  f  : > ** * "V V > •.: .4 ;• V 'A  *1 ,* .f . S f  . ' I  !*. i \  V  v \ V  'U  '** . <"*” ' ii  M i v ' —V . *, 7 f * \ ,  f . *  >v -> * * *X \  * .
>vvj£r: An. irit ere sting .'feature of the rriois tur e-dens ity 
relations found by Shaw was that, for gravels, a minimum 
density exists at a moisture content intermediate between 
the dry loose stato and the optimutfi moisture content.
The upward trend in density as the materials become very 
dry and loose-is attributed by Markwick (9), to the 
reduction of the cohesion of the.fines which lessens the 
resistance to compaction.
3E Shaw (51), dn his correction to the values published in 
his paper, mentioned that, due to a mistake in the calculation
i.e. the figure 
165*7; Ib/cu,ft. should be; 147 lb/cu• ft,- which is 84$ of the 
density of the soil par*tides in lieu' of 95.5^, It seems that 
P.Knight has not reproduced Shaw*s corrected curves in his ;
i f -  '• • f - .  \V '>  r f ' f - v  * \  f d "  w. ‘V  ' *• \ * % {,' A v v  f ’f**  i f f *  p/\ - "*>-?? / 1 •* * * -£y  .«• ^ ?
:bp^0'^Soii^M©c|iWiGS "t*or;Qivil EngineersH Page 17S, Pig.88, 
and thereby the published curves Fig,88 are wrong,
—* 20 •*
TABLE No. 2
Grading found by Shaw to give the Highest 
Maximum Dry Density.
Size of Sieve %age Retained31 Size of Sieve %age Retained 36
' V f in,
"2" in* * * 
i  in.
Ho.10
"14.70 
*, . ; . 8.60, . 
10,50 .
15.70
1 No.44 .
. No,100 
No,200 J 
No.200
• 14.30 -v;:. ’ 
’/ 14.80 
'-//■• ' :5.90'
16.00
passing;:/'-'
All material passing 1 in. sieve.
Maddison (32), investigated the effect, of the presence 
of coarse material in the Proctor test on the density of 
soil,.mortar, • In his tests he used a silty clay (Brick ; , i 
earth) as the soil mortar and hard cubical crushed rock as 
the coarse material., He found that the dry density of ; 
the soil mortar was almost unaffected by addition of stone 
content1 up to about - 25% " as the reduction in soil, mortar S  
density was from .113 lb/cu. ft, to 110 lb/cu. ft. but it •
& A.H.Markwick in page 15, Table II in his paper (9), and 
B.Knight in his, book (17) / page 171 - table 17?, quoted others 
values? for the gradings which would give densest compacted •: 
soil? which do not comply with Shawfs published values and >; ;• 
reproduced correctly herewith.
*f This figure was quoted wrongly as 50?S by both A.H.Markwick 
(32 ) and B,Knight (17). ' , .
WLfM HI'jty- • ~ — <31 r
4M  Y *  ’ f  f " v l  f  , a ;  \ - K f y . :  * ,  >, c v  '*•> : <  r  y ' ;  l ^ v  u . '» s, , . v  v ; v V -  •></ y ;  - . ^  v ^ * . *  S  " w Y ' f *'7 '  Y f  w - : v  ; “ jVV lY  ' M
fYrYvv-'i/;• , :*\decreased 'substantially by the increase;-in ’the; stone--’content ’ Y
■ j . * ' after this limit i.e.-'gB#. ; However, .the dry density of . ” ®
te soil-stone mixture increased with incresing stone || - V' 
.YYYf ;. ’content up to about 40% after which no substantial increase ^
•fSfvf ••,.;*  ^in the density was observed*- Y  :
0- Y He has also-shown that the theorellcalY^correctfpno f :
f ;f: . Y 1 \ VV.V,theJ,-^ddiMoinY.of {cearse materials applied.in “the test procedure
YY‘YV > -.fr•.■•.-• on the- ':assumpti;on -that-diiev^ sbilj mortarJcQinplefely filla|§
YYf-Y; •; >•-.< vf. ;the: voids! of.. the , coarser. m^er-id y  are' liable to greater .
Y.-Y Y V Y •••>Y• Yerror: for Yatone ^ ot ^ll0 degree
ff ,: • .. - .- of compaction' obtained v/as not affected to any marked extent
—  f ' by* the sizes of stone used- : ; Y! \ 1 * . r f " 4
YYY , y YY 1 •YfYY:f;'.YY Peter son (33) $ conducted a series of compaction tests 
f Y < ,  on a-glacial clay applying five jnothods, i.e. Proctor
Y>.f ’ •’YY- 'Y appapatusfand. procedure^ Procedure in which
' the hammer is dropped 18: In., - instead of IS/lhv, California' \ ;Y 
Y'Y; ; :\:°v:;';YYmethod^in,whichY ;;§Y
YY> • ’}/: •■ ■ aheepsfoot cpmpactionin which Ya pressure of 500 r V
gave the highest maximum density as • cab..; be.;;, seen;
shown in Pig. 3, ; £ \
Altering the percentage coverage using a pressure of V,
200 Ib/sq. lh-’*Y;3?e.<{f ound - that" tHeYmaximum dry. density-Inc f e;ased>%- '■ ' <
: with the increase in the percentage^ coverage-when the/corros- 
ponding optimum;. moisture content decreased. /V The/ same cr%tev~r 
ion was found true when the, applied pressure was changed and 
; percentage cover agewas kept c distant . Perea ntage c overage
was;.defined;ih^the/^parhphiet.•; *’7*' . -v •:/
; * .•/ ; Area of cylinder . ' ’ V
■’ He indicated that the shear strength of samples :; 
compacted by the ■California'.;'method was* !<tremendously higher**. - 
than that compacted by the Proctor, method and;h£vgave the 
following figures ■ /. ■ ■! /•' * *"
For. Proctorf s: Aver age32 c =. iL900 Ib/sq. ft. ,Average 0 =: 1.0°301;
. Eor California': "" ft =;>/600 lb/s^ft.V; 1 jZf = 3S°45’ 
e its cohesion 0 .as jangle of . internal friction. . .■; ■ . ;; :
Conducting the consolidation test on samples compacted. . 
by Proctor and California methods, he found that the settle­
ment for a pressure of 9 tons/sq.ft. was 4 .8% for the former 
and ,0*9^ for thoiatter, which shows the gain of increasing 
/ the compaction of. soils*- > , * - /■ - /
To find ; the resistance., of compacted soils to 
capillary absorption of water, Williams (34), carried out a 
series of compactidh and;'absorption tests; on four types of - 
\ soil ranging from silty clay loam to; a heavy, gumbo clay..
The soils were compacted.to the following .densities and
& , The values of c and 0 are averages of the direct shear 
and* triaxial tests• '• . •
-'.-v .. • ’y* rSo ' 7 '•/ * < . >7 < ' y/ '• • '-'77 , >’-7'V .
moisture contents, 7,7 7 4 j;; . /.y. . ■_-/ y’/. >7 ,Y. Ay-'A;; ■ y 77:
i) Below maximum density and below optimum moisture. / ■; 776 '
'7/7.:. content .y7. : -/V 7 yy ■ 7; ' 7 :-7 .7; .,7,7.; . 777 7 y 77:7 y-y7
ii) At maximum density and below optimum moisture, content/.-. 
lil) . At/ maximum density/and optimura-.moisture- content. ■ 77 /• 
iv) ■ Below maximum density and above optimum moisture
content, %; , 77/ ’ y "7  ' 77-7* 7 :7 7  7 ./;/Y
He. found that /samples compacted at.less than the 7 7 V 
optimum moisture content absorbed water freely? and lost 
dens.ity.;whether they/ we??e;■originally at? or lower than, the/ 
maximum .density? and samples compacted to maximum density at 
optimum moisture content resis ted absorption and retained' 7; / •' 
their-densities? when, samples .compacted above-optimum.. . /p . 
moisture content < were not affected by cap i liar i ty but: had. -7: ' 
lower densities. '777, - v • 7 7 . / 7.7;/; -.7 • 7 -7 . 77y v„ / 7//;... • 77.y-
To find out the effect of'gradation and soil content 
on:compaction Yodei*land Woods (;35) ? conducted a seriesyof 7/7/, 
compaction tests on; clean,/glacial terrace gravel ? clean 7 -y- 
coarse sand? crushed limestone and dune, sand? each mixed with 
different amounts of silty clay passing the No, 200 mesh sieve 
keeping the amount of aggregates retained on this sieve 
constant. .’In their .procedure they used a mould? 6 in, dial 
And 8 in. deep? which accommodated a spacer at its bottom, of 
the same7diameter as that of the mould but •. of 5.y# in.: height 
so that the total height of the compacted sample would be 
4 f in, ? and a hammer of 10.4 lb „ weight and 3 in. diameter 
striking face falling through 12 in.;, : Different numbers, of. .
/•;; - " • 24 -r "• ,\ • ;
;■ flows' per -layer (5' to 100 V; h lows) we re applied^ forcompact- ’; 
ing each type of* o^il. .-/I. ' " ./V• . ^
’ v •.> They found ’ that 9 for.pa given .aggregate .there wgs an 
optimum: soil-content which gave; the maximum dry. density? v 
. and that the.soil:content for maximum strength was- le s & than : .
that ' optimum9 as can he seen iix Tab le 30 However ? the i !v 
; optimum soil content was f ound to decrease with- the increase. ^ £. 
in the compactive efforte ' ' : . ' - : ’ V  ' • • ' .  ’
:i-; ■- - ■ TABLE No.f3, ' ■; ,;V
Percentages of Soil. Finer than the No.200 Mesh Sieve 
to Give MaXo Density'’and Max* Strength. ;f. i
Type of Soil 
... Mixture
%&ge o f Soil finer that, the No. 200 y-bib-j 
: - ; ..•.: mesh. si eye to \give .1-’*.■ y, . y ;bv-
Maximum Density y Maximum Strength .
Soil-grayel, ; ' ’ 
Soil-crushed stone 
Soil-c.oarse .sand 
Soil-dune sand
•v.--’i-Vio'. •
r.". '-K". 9 ' . • •
•;-?40 • v  •
y . '
7 , V; ’ . —  ’ b . 
13;;,
Per comparable densities 9 strengths of mixtures; \ v" ' 
c ont a ining so i 1 c ontent s great eh than the, optimum, were le s s 1: '■ 
than’ those, of mixtures contaihingv soil c ontents less : than the., • - 
optimum. They, concluded that a small amount of soil if ines-Vv 
mixed- with the' granular ’material is desirable when. larger ; 
quantities are. detrimental. /•, . • ; ’ - ‘
; Zeiglerr(36) ? Investigated the effect of using the mat­
erial .retained on the.;No.4 mesh sieve on;the maximum dry V;;h.
25
density and optimum moisture contents . The soli used passed ' ;
the No;.tO sieve with 96.6% passing the No,40 sieve and 57.7$> 7'7; 
passing the No, 200 sieve mixed with diffefent.pefcentagesiof '/ 
gravel.; mixtures , of 50$> (f in, - ;f in..) and 50$Sy( § in. - No*4) yl7 
;and compacted ‘by the Proctor method, /' He found no appreciably 7 
'difference/;between the theoretical '^' maximum dry densi ty9 
basedion the assumption that the. added coarse material acts* /77 
•merely as a displacer9 andythe/oxperImehtal one- up to./30$? 
gravel., pont ent,s * They differ ence./thehywas/lb^bu, ft!:?'; but/, . 7Ay
this difference increased , to & •Tb/cuVf ty for 50$> gravelcontent'.-;
x The equation - given by Zeigler to compute the. theoretical 
.maximum dry/density W is as;follows,y~ / 7yV/ 7-y, yl7y7/7 ;:yy 7 1/ 7 7;7; - 7y- "7-'7 ' yt;jdBs ' y  ;. " Y7/v '7 7y- :' 7; ;‘7-y;'77y . y7 77 yyb'''
v m  » . • , -  i - ~*i iJ - i-1 irnnm-iiiTii > ' • * * | J. .: , /;> v.ax(:i -p) Ds>rP y , / - y /  ” y
.wherein. . V .7 « Density/ of coarser material 'retained/6H7theA7y■ ■ ' • •'sty. . . - ■ • . ; ■. ■ • • .•. ■ , > ■. . •. ■ . -y.. • t in. /mesh -sieve.
P.7~ Ratio of weight of coarsermaterial to/total:
7/7 • ;y/y. 7-7y/ y yy* •./A--.. yy77 7//'77,. Ywel'ght:'vo'f
7/7 y ; Ds >• Maximum dry dens it y7of fine; material. 777 - '"yy
7 ■ .This7equation is essentially iiyvagreeinex3;t/.>irithy-bhat77 ; derived by B,Knight■ ('17). 77 7 y-l/y 7y77'*--;K,/7 :‘- 7y yl;7 /7y;ll
w i>s u  +-t5o); //■■■ y  •. (1,4//
. , ••• 7 'XUS . . . v  • . ^ . .. - • . .
.7 y 7 '■ y / 7  100 x >^y.. 7;y ‘ 7 . ;-7/ '-77'
wherein y'.«. Percentage of;Ythe';-'percent, p f cpars.0;. mater'ialyto
'-7y; 7;'v: . ’ "'^  ^thattof 7the f i‘ne7 '//' '’• " 7 ; '  7 : y: /. ;'/7/;‘ v :
/ -' . 7- 77 7' f 100; x 1 ‘: f \ • . 1/7: 1"/7 ' ///I
'7:7-; .,7y 7 77, .1.00.'^'.x - 7 y,/.. '7 .:>// - yy.7 7yM7y/- ./ :7- 7 7y77 ’y77;;
7 x ~ Percent of coarse, material of/total'mixture 17/3
7 7 7 y Ds? W are the same: as '/in;-'oquationi,;i'..3).7'. / :77 •
• /: ’ ■', in t he der iva: 11 on* o f e qu at/i on (17 4/).r b y ' B vlCni ght V it/is
mentioned that, the "total weight'of this material being 7
ilLOO *■ - 1 - /■ • /■'■ -7 ; • -/7, ./ • -■/■lb. ” ; .•/• This is; wrong . ancl 'its. correction isy/y/ :;'-7:-v'7‘
7 %00 ■ 7 ■ ‘ 7 7.: ’ . 7 , 7 ,. -7/7 . ; . •
7. ,’ 7/y. -7 . .. . "•. 100 (1 .+,■ Jqq.);1!. . 'v/y.7.7717> 7/7 / /71/*r., ,.11.7.'
He attributed this great divergence to the incomplete compac­
tion of. the so il by .the interference betv/een the" gravel M
particles* ' ■ '■ ’ • Y Y
The actual optimum moisture content which was found to 
.decrease with the 'increase in the p er c en t ag e • o fYco ar se y •.. y ■, Y 
materials was approximately. 1% greater than the .computed • 
optimum moisture content for almost all the percentages used*
: In his procedure . the mois tur e :content was determined by YyYy Y 
weighing the whole mixed soil before the test and by the - ■ • • 
knowledge of its original oven-dry weight taking -care notYto 
•loose any of the soil during the test, as 'the usual method of • 
determining the moisture content of a-small portion.of the 
compacted soil did not ;give consistent results*. : Yi’v:'
Using a; bigger mould of 6 in* diameter and;: 6; iru depth. '; ' 
to give a volume of 0,1015 cu*ft, and applying 74 blows per , . 
each of three layers by Proctor hammer f 41 ing through IS in. 
to .give the .same energy per cu.ft. as that.; applied in Proctor* s 
method, he found that the densities were less than those 
obtained using the. smaller mould used by Proctor *Y;- However,. ' 
the' ratio, between the densitites; obtained by the. * two moulds ! Y ■
were almost the same*. . . : YY
•, • • Rowan and Graham (57), developed a mathematical met hod Y,/ :
;vy- Y- y Y,' • ...., YYY:- Y Y-Y yYy.  ^Y'-'-Y'-Y:;: ••-YyYYc- y -yfor the determination of maximum dry density and optimum ?YY ' 
moisture content as obtained by Proctor ?s compaction test , ' Y .
T r ► * 1 . . 4 r : ' '  . Y. * i r  %
Their .method is founded on the premise; that the Proctor test • Y 
gives a maximum density closeYto that obtained when awefc soil Y 
is allowed to shrink under haturad forces ,to the shrinkage limit
The calculated density * = ■ ' " £;‘ - :'--i;':'' ,.'.y(i:.6;);':y  '■
. . . . . . .  . . .  .. ■ . D^Q - ■
1 + 63.5Swherein . „ •/
■ .. yyl;;; '.,&/;?• 62 •& .'A 'y; '.iy . • yyy . <>b;!b /■ Agy-;
R k Shrinkage ratio.
D si C — 'r"*" §
, ; ;\'v" -Ac=? Percent of soil passng the Mo.4 U.S. sieve.i.;
B w Percent of soil passing the No.40 U.S. sieve.
S ?3 -Actual specific ^ gravity of material passing
the No,4 sieve and retained on the No.40 ;•/
sieve? or can be calculated from shrinkage 
. - ; •/ limit and shrinkage ra'tiP..
;• The above equation can be written in terms of mechanical
analysis and shrinkage test values;,as f ollows ■ t??:j ■ \ .y-%•', y ,icV
Calculated density ??   (l.?) -y.
■; - -by  ^ . . ;ybV\ • . ilt- • . ;-yy \Vvv‘*yy.
Wherein « Shrinkage limit y
and the caluclted moisture^ content ^ Sf(^) . yy; . . . (l.8) yiyyy
Correlating between the calculated and experimental
maximum dry densities of the ten soils tested* they stated 'vy-
that the greatest deviation was approximately 5%, when the -;;
calculated optimum' moistur.e contents were from 1 to 5% higher35 
than the experimental optima
* Prom Table 4, given by Rowan and Graham, it can be seen 
that the calculated,optimum moisture content is from 0.7 to 
2 lower than the experimental value,for four soils out of the
ten, tested and unchanged f or one .;. Hence;, it has .to be noted • ;
that the statement underlined is not valid for; 50^ pf; the . yy 
results, and cannot he generalised. y by:-..
: :Y  2 8  * • *  * / .  ■ ■
T A B L E  ' . . ' T o .  4 .
R e s u l t s  o f * .  C o m p a c t  i o n  g i v e n  “b y  R o w a n  a n d  : ; G r  a h  a r a
• ' • - ' 1 2 v ;5 : • ■4;, ■ 5V: 6; ,7 8* * 9 10 >
Specific
gravity 2.66 2.66 2.63 2.54 2.56; 2.65 2.55 2.66 2.42 2.65
Shrinkage 
Limit' 22.3 17.8 21.5 21.2 22.7 22.4 35.5 19.8 33 • 20. 3;' ;
. Shr inkage 
Ratio 1.67 1. 81 1.68 1.65 1.62 1.71 1.50 1.79 1.69 1.62
OvM,Q. ■ 
(Expl.) . 16 9.5 - 18 14.5 14.7 17.7 22.0 12 .-0
X • 
28.8 21. 6) _•
O.M.C, 
(Cald. ) , .'15;. 9.5 >,16'::■v-15: 15.5 I M 22.5 15.,5:
’• - . ; i'
22.8
Max.Dry 
"Density . 
(Exnl.)
I l l , 119.5 105 110 ,•111 108 96 , 112 104
■i
104
■Max. Dry. 
Density 
(Cald.) /
112 1 2 5 C  1 1 0 106.5 108.5 110 : 95 . 112 ‘106 104 .
T e s t i n g  c o m p a c t e d  s o i l s  w h i c h  c o m p r i s e d  g r a v e l ,  s h n c i  •••••
- r  v ,  
* \
and clay in the immediate triaxial compression machine Ghlder 
and Skempton (38), . found that the angle of internal frie%ipp/ 
decreased with the inc.rease in moisture content fox1 the twp 
soils .testedand that there was an opt imumrmoi s ture ■;pqiitent : v, 
for; the coefficient of cohesion. . This optimum.-w|§* Jess tjhan 
the optimum moisture content which produced the maxinihm. dry•' ' \-
density. . ■ V;, " • ‘
. . v " . . L i t t l e  ( 3 9 ) , . ' c a r r i e d  o u t  a .  s e r i e s  o f  c o m p a c t i o n  t  e s t s  
u s i  n g  t h e  D i e  t e r  t  t e c h n i q u e  9  s h o w n  i n  F i g + i  9  o n  m a t e r i a l s ; - ^  
p a s s i n g  ^  i n .  s i e v e ,  i n s t e a d  o f  t h e :  N o * 4  s i e v e  s p e c i f i e d h y  
P r o c t o r '  o w i n g  t o  t h e  u s e  o f  a  s m a l l e r  m o u l d  o f  2 :  i n .  d i a m e t e r .
He7found that the more jshe teial numb©r of: blows,/ /the greater 
/tbe/mxim^ ''density •7anS//'thb.;>;i.dwqi?/;^ he; ■
content; Correlat ing b e tween the maximum dry .densi tyand 7
optimum moisture;:content obtained:by,;:the standard .Prdctor Y/yXy; 
method a nd those obtained by the Dietert test ? he/z/showeiyl/y-l 
that'a total number of 5 blows- using the latter gave almost
identical results.TY
:/yy;:y \ in hi S. exper iment s of
of;:8/7t o /give /specimens? If in. diameter and If iny long? which 
'/hadv/.the/ saitte density .as'1 that obtained; by'giving a 2 in. 
diameter specimen a total /of 720/ blows. He found that -the 
maximum sh ear s trength wa s a ttained at a mo is ture/co nt ent :• 17 
s omewhdty iqwer/. than/:th.^fopt imum?, /when*the/, angle of: interna^yy/ 
: frict^brrd ihcre.ase' in the moisture content.
Thbse. .criteria are/inlagreement withythose^7stown^
/and/Skein^ 7yy/ v >/:7'’771-7:7/;;7s'/Ay/Ar//^y7/:A y / y l l y ,rA- ? v
V s i -
yyy. ^(l^thbugh. the/Dietert method allows "the use o f  / small; 7^^^ /^/ / 7 
quantities of soil it is confined only to test materials : x - 
pasdng i in, -vsieve:. 7:. Ayx> yy;y yyy.;,777-■'li/d7'7\7777/77y77:
erab/ly'when' a; maximum:stone si^e of f in. ? as recommended by 
the/B,B;. compact ion /testy. (.41). wasJu sb<d /ip/plac^ 
grain size of 3/16 in. specified by the A„A.S H.O. standard" Y 
conrps^ipn7t
In another series of compaction tests, .they used a '
;10/^ falling}
A.A: S,H„ 0,; cbinpaction(;test.,yay 15 Iby 'ivSHnrabr.ffailing 12 in.
-to give the same energy as the former and 12^ lb. rammer • 
falling 12 in. ;to .give .the same momentum as that exerted by' 
the modified A.A.S.H.O, method. They found that the maximum 
dry densities and optimum moisture contents did not vary 
substantially when the energy was kept constant.' On the 
other, hand, there was greater var iati'on. when the momentum 
was kept constant. Accordingly, they suggested to use a 
y^^l^lyratoer ^ aliLiiig ,12 ;in. to obtain' the modified A,A.S, H.O.
- optimum moisture' content in lieu of the 
■ cp i i 1* 'sjo cj i i* i C3 cl - C3 e^d/uLi^ ^3 * ■ c|i* *uls inL^ '^ !*3^;aixi^x]Q€33-^ l*a* 1. i» .
18 Ini .so !..thaC:th%bshte automatic rammer’ could be used for the 
./standard and- modified -
Proctor (42)‘, carried out' ,a very wide series of compac­
tion soils applying various-compact-
ive efforts, ,as low as that exerted by a 5§ lb. rammer falling
r'animea? ±*a.lX±ng . r 
6 ft. s* in/a1/SO' cu.ft. mould.
Hp;; also, measured the shearing resistance ofythese compactedv '; 
soi I s. under.' a 20 lb/s q; in. /normal load by the double shear 
test:. V;:>. Jfe/fpuMytM dry .density, the shear stress,
the.c o e f f i c i p n t / b f :of internal friction, 
increasedwith the .‘increase, in ;the.compactive effort expressed: 
at ft.lb./cu.ft, of the compacted soil. -
However .; Wilson (43 V-: vi n-His r»ftTSnr»t 'rm'
noted that the values of the results Of ■ the. s h e a r / t e s t s . ?8£ 
■ the angle of internal friction, ln: partioular*, are extremely i 
high for the types, of soils tested. It is Wilson* s Opinion,.//, 
that these high values-'are due to the use of the double, shear 
type of test which' is not reliable, V / # . \  \ •; v-: v5:'
When Proctor (8), used a 5-j/ lb. rammer falling 18 in. to 
compact’a. soil in? 1/20 cu.ft.. mould, and the same rammer: fall-/ 
ing 12 in. to compact the same soil in 1/30 cu.ft.;mould/ V .h.-r 
i.e. the same compactIve effort per unit volume, different 
maximum densities, were obtained, /.'..The maximum density for [yi'f 
the smaller mould was greater than’.that for the bigger one.- 
This is in agreement'.with Zeigler?s;findings .given in P. 24 ,
In another paper by Proctor (44), he..suggested: a method- ;" 
of classification;of soils depending on the. dry; density for 
,300 lb,/sg. in. saturated penetration resistance,, the; moisture' 
content at this density, the.specific gravity, and percentage 
of, material passing, the .No.200; mesh/sieve*- ' /: y. >/'_■ ; -:V
Heiselman (45), compacted a certain type of soil /„•■•* < 
applying -Proctorf s procedure . in all .aspects '.with the exception 
of changing the height of drop of the rammer from 12 in. to 
18> in., and for different numbers of blows per layer (i.e. 15 —  
85). He found that the maximum dry-density increased ahdy the ? 
optimum moisture content decreased with the increase in the 
number of blows, . /:/. . .V\|vf ■ ' :
In his. plotting of the compaction curves, he assumed -one 
straight 1ine whi6h he.ca11ed the density envelope, to Include 
all the points to the right of the maximum dry densities for v
the different number, of blows;?; and a .separate lino for-they . ;
points to the left of the maximum dry density for each number Y 
of blows. The' points 'so. plotted appear/to/be. very scattered ; A  
,, so that the resulting straightlines can, hardly Justify . this /y. 
assumption, / ’ • ;• ./; • • X • -. ' 7;// y /'
He las/also shown that a maximum dens if icati on at' a; gi veil 
moisture content; was obtained at . a pertain amount /of compact**- :7y y 
ion? after which additional compactive effort resulted in an 
unchanged or static density? which he attributed.to the air.
;entrained in the Compacted soily •. Air entrainment? he con-*". Ay/ 
eludes ? occurs in/compacted soils as a function of moisture X-1 /
: content. / ■ • ‘ .7,:. ~ - . . ' .,,,/ ./:-/’
V It is noticed? that curves Fig.(2)?for moisture coxiieiits 'Yp ; 
of 8% and 9^ 'y for, the Yr elation‘between dry density and number ' /. ■; 
of blows? do not comply with values /obtained from ^ compaction 
: curves Fig.(l)? published in the above-mentioned paper.The. ; 
y curve for 8/ moisture-'content should be a . straight lino 7 ; // /' 71;- 
. parallel, to the, abscissa at a dry density of about 131 Ib/ou, ft/v 
between the 85 and; 25 number of blows? after which it should ••/7 
be slightly curved. The curve for '9% moisture content should 
xbe a;, straight, parallel to the abscissa for all number of blows ip . 
Fig. (4) ?..referred to in the ,same pape,17 could not be traced, 7lr 
In the<U.S. Waterways Experiment Station of Corps of . 
Engineers U,S./ Army (46) ? c ompaction tests were carried out on 7 
,Ythree different types of soil? 1 .e c l a y e y  sand? silty clay?• " 7>y 
/and clay/soils? f rom two different localities by applying the : %■' 
following four. different compaction methods : A •/■ /’ . . y
•. ii) 95% the modified A*A*'S.H„ 0.Standard. ; ' ' y .
iii) Modified A,A/S;.H/0/Standard. .• . ,/y’^-y- • / ///-' : ryyb/Vyy
iv) Static load of 2000 Ib/sq.in, yy
. ■ • ... It was shown that for; the. clayey sand .soil, the static y y-: 
compaction method gave the loweet/maximum dry density and 
‘ highest optimum moisture content, when for the;silty clay soil , 
the modified AoA*S.He 0,, and static load methods, gave the same 
highest maximum drydensity although the;.optimum; moisture ////••: 
content for the latter method was lower than that for the. ' /-"■’* 
'..former, and. the standard A.A.S0HC0C gave,the lowest maximum ; ;// 
;dry density , and highesb optimum moisture content. •; The size •/'/" 
of the /mould was found to have n o  substantial effect on both . ,/ 
the maximum dry: density and optimum moisture c ontent when - the y- / 
s compact ive effort per unit volume, of the yc ompac ted sample was. 
kept the1. same., / In general /it was f ound that, by ap plying the / 
same method but altering the,compactive effort, the greater /. 
theeffort the higher was the'maximum dry density and.lower: was • 
the optimum moisture content, y .
y/yy'/y' 0 ompac ting the-third/type of soil, i.e. clay, by the / 
modified A 0A. S,.He 0. standard, it was found.that the relation- 
ship between the' maximum dry density and the percentagemof: //.••
material passing the No.200 mesh sieve could be expressed 
linearly; for each of the two clay soils from"theytwo differeht/// 
localities. However,/the maximum densities for the soil of 
one, locality was; almost!^ lb/cu. ft ./greater •: than, those for ~ 
the; other as can be seen in Pig,5b. / '■'/'/ ■ ’ ' ’
«■*» 34 —’
/ '-// \ Nelson and Sowers (47) , carried out a series of compact­
ion tests in accordance with the A . A. S. H 6 0. test, • wherein //; /
: the same portion .of soil is re-used each t ime by addition of
more water in one set, and by applying the s ame; appar at us /// /;• 
and procedure with the- exception of using fresh portions of ,;' , 
the soils for each point on the compaction curve in/an other.//- 
set. They found that using fresh portions gave maximum dry 
densities from 1 to 4 lb/cu*ft. less than those:obtained by/-/-/, 
using the same portion, although the optimum moisture contents 
were, almost 'unaltered for both procedures,;: . They attributed— '• 
the deviation in the maximum densities, firstly, to the greater 
■ total compactive effort; to which a re-used portion is subjected
and; to the partial compaction of this portion each time it . ; .
was re-used. They called the attention to further investig-;: 
ations following the -same line on different types; of/abils--/;// 
before the justification of their findings could be established,
. Forbes; (48), investigated the effect of the. typei ,of ?;,//
’ water on the maximum dry. density and optimum moisture content 
r of compacted soils, and:found that soils mixed with sea water, 
which contains about 27.2 mg/litre of sodium chlorides, gave ’ 
lower maximum densities than . those mixed with ordinary water// 
The values given for the maximum densities for the soil mixed/ 
with ' sea water and that mixed ; with ordinary , wat.br are-. 108 and ;
: 127 lb/cu.ft.; respectively. He also noticed that the former" - 
lacked cohesion,was loose and/crumbly when air-dried,/contrary 
to the latter which ..was well consolidated. : This phenomenon /
. / was attributed to. the geochemical action which takes place //;/: "
55 >
during the compaction process and depends on the quality of/ 
water and- chemical compos it i'onlbf the soil.' / XX yxyx// xy
PHB SENT INVESTIGATION , '
INTRODUCTION.
From the foregoing literature,“it can be been that 
compaction has been investigated very widely, both in the . 
field and in the laboratory, although it is ab out 23 years 
old. However, the door is still open for further investi­
gations in this infant but important branch in soil mechanics.
• : The tork of thb previous, investigators was almost 
focussed to the increase in the amount of cOmpactive effort 
■ by increasing the number of. blows per layer . To the present 
knowledge, no work has been published, in which the effect 
of the height of drop of the same rammer or the area of its 
striking face on. compaction was investigated. .To stride a 
step further in the completion of the factors. #iich affect 
compaction, the pre sent wor’fc’was conducted to investigate 
the influence of the following factors.
a) Height of drop of rammer. •" - / , . '
b ) Area of s triking face of rammer 0 ; ;.
c) Weight of rammer. / . ' •’
. ; Different theories have been advanced to interpret the.,
characteristic phenomenon of the relationship between the dry 
density and moisture content.; None of these theories could r; 
offer an adequate explanation for the whole phenomenon, and 
accordingly, more work is needed in this respect. /Discussion 
of such theories in the light of the author1 s work led to the 
deve ioprne nt of a new the ory wh ich proved. adeqp. at e to achieve ,
No a ttempt has yet been . made.. to derive, ei ther empiri- 
cally or analytically, a general equation for the determin­
ation of the maximum dry density or optimum moisture content, ; 
to save the- great time and labour encountered in• the perform- > 
ance of the qompaction test. The.knowledge on the subject y . 
has now reached a stage which enabled the author to establish/ 
a general equation, from which the maximum dry density for any 
type of soil can be computed within practical accuracy, - Such 
on equation was developed by applying the method of dimen- :• 
sional analysi s. Furthermore, an empirical equat ion for, the \ 
determination of.the optimum moisture content of any type of 
soil under any condition was derived and proved to be accurate 
within narrow margins. . . : ;/•'*/' '; /,
Little work has been published:.-on the unconf ined compr-;, 
essive .strength of compacted soils. Since this property 
gives an idea about the. behaviour of compacted soils under 
compressive stresses, its/importance cannot be overemphasised, 
especially in the construction.of roads, and runways, where- it 
seems to be a predominant factor*. '/... ,/■•- , •/ . ,:-
’ . It is the author Ts belief that further investigation is
needed in this field, and hence, a part of the pro gent work 
was devoted; to measure the unconfined compressive strength of 
almost..all the compacted specimens. . The findings, of this test 
are discussed and interpreted in the light of the new compact­
ion theory advanced by the writer. . : y;
A APPARATUS. - ‘ ' '-f/'A -AY; A y '  Ay A /A "" ;A _ A' _' Ayy/Ar./.
The apparatus specified 'by* the B 0 S. compaction test (41) .• •.
was used for mixing? compaction and extrusion of the soil
with the exception of the rammer which was. specially designed, 
to cover., the scope of the pr esent work. The different - .. .
apparatus are shown in Plates 1? 2? 3? 4? & 5. . .
The rammer was constructed of a brass pipe of .!■§•,in. A-
internal dia, /and 25 in, long. A.; It was internally threaded . A
at both ends to fit the handle at the top and the striking ;
' face at the bottom. Seven apparent circular marks were A "A A 
grooved on the out side surfac e of the rammer at the distances-- 
.shown in Pig.6? to indicate the.different heights of drop; 
which, the rammer was allowed to fall when the mark coincided 
with the/top surface of the guide. A?’-- A- ' AX -y> - V ■:/;“: • . y-.
Two face pieces, were constructed of the same weight, A. 
threaded end and total height but with different diameters A 
and thicknesses of. their, s triking part. as . shown in Pig, 6./. The '; . 
thickness of the striking end of the 2^ in. face piece was so 7 
small that it tended to, travel beyond the control of the guide 
. during the test. ;<To overcome this difficulty /this/faceipiece / 
was surrounded with a thin tin shield of adequate height to 
'keep it under control. Accordingly its weight with the tin 
shield soldered on it was; corrected to the same weight as that 
of the 2 in. face piece. ;-A ..•
' A The barrel of the rammer could be filled with lead shot 
to increase Its total weight by 2.75 lb. each time. / Thus they 
> same rammer could be used for different; heights of ,drop ,y- ‘. Ay
- 3 9  -
changing from 3 - 24 in., different striking ar'eas varying 
from that of 2 in. diameter to that of 2^ in. diameter and 
. for different weights varying from 8.25 - 16,5 lb. / \
Two guides of different iiiside diameters were constr­
ucted of steel,pipes for the 2 in. and 2% in, rammers. Each;, 
guide was fitted with screwed disc .-plug at the top with a. 
central hole, to fit the r-od of the rammer and had an overall 
height of 25-g- in. ‘/' Holes near each end of the guide were // v 
drilled to alLow free motion of the rammer ‘inside the guide.
The weight of the two guides were made nearly the same by 
.increasing the number and diameter-of holes in the heavier " 
guide.
Fig.6 gives the dimensions and details of.the.rammers, 
the guides and the extracting apparatus. . . . > . .
A 50 ton Avery Compression Machine was used to measure 
thevcompressiye/strength .of the compacted specimens. To ' 
assure .a uniform distribution of the load on the specimens, 
two discs and i in. dia. ball were designed. The first disc, 
which was f ixed centrally to the top; jaw of the 'machine, was : : 
about 10 in. dia. and & in. thick with a countersunk hole at . , 
its centre, to accommodate the top part of the ball. The 
second disc was 5 in. dia. .and/i in, thick with a countersunk / . 
hole at the centre of its top surface to accommodate the lower, 
part*, of the ball./ A central circle of 4 in. dia. was marked 
on the other surface of the disc to be able to place it cent­
rally on the specimen and to prevent eccentricity when such 
specimen is loaded. \ \ ./' \ . "/>• - S *
PROCEDURE / ; / ■
Before commencing an explanation of the procedure of 
the tests, a description of the soil, investigated in the / /: 
present work, together with the procedure of its preparation 
for testing,yis given hereafter, y •
/ . The :soil was not from a special iSoqality. / It1 was ■•/.% 
merely a :mixture of gravel and sand, usually used in concrete 
mixtures in the concrete laboratory, and passing the 3/16 in. 
mesh sieve, with a small.am.op.nt of fire clay?. Ih the light , 
of its mechanical analysis, it could be classified as clayey 
sand.: y-lts,mechanical analysis curve and other physical 
properties are given in Fig.7, /* ....// ■
The soil was dried after each set of tests, i.e. all the 
tests-carried out/to furnish one co mpac t i on curve * To;dry /; 
the soil at a medium rate and without altering its properties^ 
it 'was transferred into a container which was placed on top; • 
of, the,, oven. / ' The outside t op of the: oven: was found to reach 
a fairly steady temperature of about 38°0. The soil v/as . -
left in-this .environment for about 20 to 22 hours, after which 
it was left be cool in air. ' Using a mortar and a rubber ///•• 
pestle, ;the soil was disintegrated into its individual y . 
constituents, Every care was taken not to break/the soil \y 
particles during the disintegration process. The soil; was 
then sieved on the: 3/16/ in. B;S. Bieve. Any amount of. soil / 
retained/on this, sieve was returned to the mortar and the :.// 
disintegration process was carried out again, after which the 
soil was re-sieved on the 3/16 in. B.S./ sieve. The process, of
■'A.’ A A 41.*** . XX .-X -X ■ X; y • /• X.;.y
disintegration and re-sieving was continued until all the *• A A A 
material /passed, the 5/16 in. sieve. A A : AX
‘ : /.A Since the so II .was to be mixed with water/again for theX;Ay 
performance of the c ompaction tests, there -was no need to : 
evaporate it to dryness. By the above-mentioned procedure XA- 
theXsoil was foiind to contain about 0.-6 - 0.7^ moisture.A; AAAA' 
A . The same soil wasAused for all tests carried out in this 
work, so .that correlation between the .test results, can be , ' .AA
based o;n/the assumption that the - s oil' pos s-e s qed At he same : ‘ 7
properties for all the tests performed. There/was some A 
breakage of the bigger particles as the - compap tion tests-A- X- 7 yX; 
proceeded, but the amount of breakage was not; substantial. .
Por the compaction test the mould was‘collected and A
placed on the floor of: the laboratory which wc\s considered X
rigid enough5 to carry out the tests. About 7 lb. of thex soil . -y 
was mixed thoroughly with about 40 c.c. of distilled water, 
using the trowel to help in mixing, on the glass plate. All 
lumps were broken and the soil was mixed again three times by 
handto assure uniformXdistribution of water within the soilxxyi/A 
as far as possible. This could be visualized by the uniform : 
consistency of,the soil at. the end of the rnixing.:pr oce ss,,:. X7'A;
About!;;5 Ib-A ofAthis .mixture . was r e-arranged on the glass plate /A
and divided into five equal portions. A The first portion was 
removed to the mpuld by the use .of the / trowel and compacted y AA X 
by the specified rammer for the particular test,7e.g, 8.25 lb. 
rammer with 2 in, face/diameter, falling freely through the
specified height, e.g. 6 Ain., and giving the layer 25 blows. / X
The 'blows were uniformly distributed over the surface of the 
v . l a y e r . . The other portions were removed to themould and . /
. ' the same procedure was repeated with each layer- individually.
The extension was then removed and the compacted soil was care 
;.V, fully'levelled off to. the top of the mould by means of they, ', / 
straight-edge. Every care was taken to accomplish this last ' 
operation as it affects the results substantially*
■ihe: mould with its contents was'weighed to the nearest 
1.0 g., and the weight was recorded. The octagonal plate of 
the extracting apparatus was fitted on top of the mould, and 
f v: - the base /of the; mould was removed, /The mould wi th its /cont­
ents and octagonal plate were then fixed in place in the r>
/ extracting apparatus and the compacted soil was V extracted;
} and removed directly to; the compression machine, / The smaller 
disc was put on top of the compacted soil with the 4 in. dia. 
circle coinciding with.the circumference of the sample. The 
V ball was; oiled to minimise friction, and put in its place on 
the upper face of, the disc. The sample with the disc and 
.' ball were placed under the top . jaw of the machine in such/a 
. ■ manner that . the hole in its disc fell /on the ball. Thus-,;/ the 
load could be assumed to be applied centrally through the ball 
and distributed uniformly on /the sample-. The zero reading/ on 
/ • the smaller gauge of the'machine was recorded. ///The load was 
then applied in a nearly uniform rate by operating the pump
uniformly, until the sample was broken, y The final reading.-was
/■ : .-Vz. - • .• • • ■ ■- ; /,./ ’ ■ / //-■: ,
i  — --------------------------------------- ■■   —  — ------------------------• ./'• 5 / . ; •  ' ’ r ■
\[ m See Reference (40).
recorded arid the load was re 1 eased qu ickly to prevent the ;y.by/. 
splitting of the sample. A portion of about 40-50 gs. from 
the inside of the sample was placed, in a weighing bottle for , 
the determination of the moisture content; by drying to a .a; 
constant weight in the oven maintained at 105-110°0.
The soil-was then broken to its constituents and thorough­
ly mixed with the remainder of the soil. Increments of 
about 35 c.c. of distilled water were completely mixed with 
the soil, The whole procedure of compact!on, unconfined 
compressive strength test.,- and water content determination 
was repeated for each increment of water added.. The •compaction 
was continued until there wa’s a substantial decrease in the 
wet density of the compacted soil or the soil, was difficult ,to 
compact any; further because of its softness, • . /
»*» s ’ * i . * . % rEvery. care was: taken not to lose much soil during the 
performance of the test, so that it would be, arnple to earry :;;'; 
out all the tests, /
• The whole procedure was repeated for the following rammers s
a); Rammer wh i ch we ighs 8.25. lb. with 8 in. face diameter. 
falling freely through 6,9, 18, 15, 18, 21 and 24 in.
b) The same rammer but with 2% in. face diameter, falling
- ' freely through. 6, 9, 12, .18 and 24 in. . ' ■ ;
c) ; The same rammer but with increased weight of 11 lb,, and
with 2 in. face diameter; fdling freely through the same / .
heights as in the preceding case.
Results of the tests are, recorded in Tables 52-68 and 
curves for the relationship between dry density and moisture :
— '44 —
content per cent are plotted in Figs. 8-27. Again curves 
forthe relationship b e t w e e n p o m p f e s s i v e / s t r e ^  
and moisWre c ont ent are plot ted in Figsv 83-101. :
'•■'/ •'before proceeding; any "furthery some; hemarks/:abdut 
procedure of the test ;are !hpted;;hereaftery// v■ ?: ;-.c
1) • ; ; water; :f c ; f .> // 
, the {maximum: dx>y density &hd optimum moisture, content 
ed so ils‘, the temperature of :the .water used, was;kept almost ■ 
constant; at? 17o0 1hr piighout the different series /of/;test© . ; ; ; -  ;/ 
i i). . The w eight. o f: the : empty; mould., was r e c or de 
time to the nearest : as/ if was f ound rt.o
seveml times of using. > Itsvweiglit. appears in the result • 
table ;// // Is;the:/ayefrag©^^ weights; / However
the decrease, in .we ight of the, empty mould was not very ;substan-; 
tlal compared with that of; the compacted soil
ed f rom;time fo 
decrease after c
. a *- .
DISCUSSION .OF/COMPACTION RESULTS. 
y.; Compaction Curve. - $ . *V * ' , / '$
yd///;/'/ Ay •/?> .It‘is customary to measure compaction of soils by their
density will; beponsidered 
in the following discussions^ By the word density, referred
•otherwise;
Jf:v
¥■::': y/A-A/:/ yy - Compaction curve Fig* 8, shows- that when;^ sbilA Is comiphcbecl/
' ■ 'tabUS/moisture;^cbnfentcx^;/^. 0 ^ ;vviiili a; rammer of Awei ght 8.25/ ;lb;/y y 
f;iy y y 1 yy, -^ K^ibtd^ y^ yiiiy^  ^ i allLng/bfrFbu^
AA; y-'y./  y 6/ in.:, y th©/. densl byyIs y125. 65. lb/cu. f f •*/;-/llhc reasing the moisture 
/,/ ’ y•; y- . content to. '6% 9: the, dehsity.y 1 hbreases to 126V5 lb/cu. ft..* . appl^ 
.?t* > v y t h r o u g h  the same height of 6 in.
/A iZ/Ayyyy/T^linchease^ indenslby continues 'with the increase in moisbutfpy
A; ■ content, until'a moisture content of 7,4$ is reached, the .yCy-a
v:.'1 :yv'. ;yAAHdr/\&s&/JArbdd,//A//A /: yvAv: •yA;y.\;yy|%,y/:/-yAy/g yy /d/r^ yf-v "
%  •'. • /  ^rdensrtyri'e''bheh/135v4v;ib/cu/ftA;;A^//'ry;^/
/;/ y-; v • 7 lh/cu t ;.:y: .when •;they mb i s tur e': c bntent" ihofeas es /from - 7. 4^ /■//•/ 
yyy.s;.-. ,; ,to 8.0$„ This characteristic continues until the soil becomes// 
- S;rv- too, cor^pact ing equipment, 'and: c ompaction is 
.' ; , difficult to accomjplish. , ■' A" > Ay Jy
•:y * •* / V  ■ h A//;, I’he moisture cbhtehti;/yaf •ti^ yvwH'i'c^ f:jh/ further increase in/;//- 
y .y . water results,in a decrease in the density, is defined as\the j 
ty- optimum moisture content, and the density at this moisture is ‘ '
the maximum density/1 The optimum moisture content, /; 
- . .goad maximum density for this example are, 7.4$ and 135.4 lb/cu.ft.
successively. , ,
7*1 • •'Av'vv • '  ^ '^lsjT;S V j'iAj v; £V;'.yh<?'xA/H :7a* * 7/ A •A A' -;• ■;>* /A A;/V- yA/tAA V^aA^A ’a;
A/eachf.density; belowAther/m^
AcbntehtsV /with;/.^ b|>^i^ed /to .give' this same*
density. Prom curve Pig.8, at a density of 133 lb/cu.ft. 
the two moisture contents are 6.30$! and 8.4$. Consequently,
4^ theY/quest I eh ax» isesv of which' 1 s-pref ereble;-tb b b ^
' 1 r :3: ■I ‘ yfx ' y| , A,*/ ‘ $  A;A|with the smaller or bigger quantity of water since both - 7
v* 'V  A , ' :  / y  . A y 2* ‘ v y  y ' f '’ ,•-. \ . -•* V T . ^ r ^ v  . ,* ;! y  7r«:- y  '•? *. ■' X ' y y  A. * - v x '* *:.->•• >«/ A **'£$* >'V-’ *7 AvA$?7'  •; \ ? '«»/:
/discussed in/detail.yA1 ^-7 7’/ y- x Ay ‘"A>y * A.'A1.* ‘'V ’ •■'• %  x§ ■
Zero Air Vbids 'Curve and its Rblat ibn to /Oombdct ion Curvb ^ A. A>: Y
f - ; v o i d  , 7aspr ev iously.d ef ined ? expfesses
the relation between the dry density assuming that all the air,
A 4 * . .• \ J'7r'CCy >'•'('f/  ' V4?v  'A ;  ?> *  \  'X  > W 4 A  \ * ' . / • X y i y  ’ , ! >  "?.* -V- - y ^ '  •••> . * •  , , c  * % c A‘ / ' , \  A ;.? w > -v  . '■ ''* • - Y y  ‘X  ** •«* A y . t b  -i* * v \ . v *AA<* *  £ ; > ’*XV»v- / 'A * ’ ** n - .
' / v  • . I ’ * .< v x A X y  * Z Y > . \ , v' ‘ v  . . .y  \ . y y .  /  V 'A A 'A  y  A- A -' A * Y ;-"  '" A ? . - / -  *’ >•'*• V X x - A '  7A  \ 7 - . ■•; rS, / / ; y . A / y A f  -t •*i’ . •*’ •’ ’* A  ’'A  y V ' \ ' A /  ■ * j • *? A y y -*  * A A 'X '%
; vbScLsf are f illed i.th wa % £ ;i Y%hd At he ;rnp isture, c ont ent; per ,centA7/
.of 1 dry weightX/7 /This curve ':i‘s£;a' hyperbola,; a s proved in -vA 7 yAA' A : , -? Y y. s; : y y „ 4 - ‘ ' A ' ’ : /
Appendix 1, which/ cuts /the/ density / axis at / ( Y wG) which is the 
/hea^;^aens:ity:/ q.f'7’t/he//:Soi'l;'p^ thdy specific./gravy
of: ihe soil .particles. This was anticipated since at zero
Y 'y  y y  * h  7/,7* y s  . y A A v  A 'A  y . _v (: '•./•>%> r v,:? A A*,. c » -  &* •  > /•»  ’ X' A A "■ A*.. s  - *: . A. * , / *  ”* * K ** - > ' w '• v ; A ’-'; A •* x Y - . \7*. /  ,• f  y  .A . > .3 ^ - » ,A 5 -* ‘ v*' V  . "A •
moistiiire content /and/ 25erd7ai r :vv5ids ,7rthe:Yso
A; ' ‘ * \ - y r c7  VvA.‘‘ • 7 ■ y } ' ♦>.' AA‘ ty3X; •'//-•■. /  '*/ ♦, • • A s, ** * * /  •... ■* • T, /  '.■** Y 5 *''‘ 7^ 7 A A / . , '  A 1. A . ' / /  .'A .-, , ’y A 'A  y  A / "  ‘ -7 V  ■*» A '-.,, A >*■*'• t •“ , * t*>j
*• y** 3j-‘ 7 . A x x v<; v! j /  AX..7 '• W •.>*.A , V/A  A ’ iAA.’1 * • . s v* * ' ' *A < ,7*$•» / v y ‘x , , > a;*ii<;‘ ‘ ..  ^ y  . t  ; 7 ' fy.  y ' rA. *' 7 ;.%>' 3C>A'A7 t a \ » 7 7 * C v ‘ - i  ' A- --./•• ' *■ V tv-it/*
prise solid Aphhticlesf : Oh the7other :hahd>x.it:touches/;theA/AAxyy7 
moisture content axis at infinity, fj It depends only on the ; 7/7 
spe/clf ic : gravity; of tbe/ s/o il p ar t icles. and /the/mb is tur e 7 c ont ent 
per /tent, bf / dry y : t h e 7 ; s b i l ; / i h y e
: //"■■ /.A-/'1.!' -Y'//■’'■'/yIqapg « 1 ” (* ■> '* , ( - r / ' \• , -is. Da — Jq-q1"^.'. g",664vy wlie:i:,e w = mois.ture content'per eent of ' 
•dry weight and Do ~ Density' in lh/cu.ft. ' '•
*v /•'•'i Plotting the zero air voids curve on the same graph a©' A ' " 7 ' y ' ■- -y ?  Y;  ^ ' - * , *■ - v  <
that of’ the compaction curve, it con be seen that' the wet Y ■ A 
portion of the compaction curve is closer near its peak poihtA7A/; 
to the zero air voids curve and it tends to be farther as the A
moisture content increases. The intercepts between the two 
curves parallel to the;, abscissa give the amounts rf water per;;/. 
cent of dry weight required; to fill the dir'voids in the 
: compacted ./soil t o attain the? densi ty at which the intercept .
is measured on the zero air voids curve. .
;■ Effect of increasing the Height of Drop of Rammer oh Compaction.
Applying the same rammer in the same manner as explained •:
; before,, to compact the soilp:but.with greater height; of drop, -\i;
i.e. ’ 9, 12, 45 in.etc., the. compaction curves follow, the same 
characteristic shape as that-for the smaller height of drop * \ /I-
discussed heretofore, as can be seen in Figs.9-14. Fig.15, 
in which compaction curves of the rammer under discussion are 
drawn, shows that for the same moisture, content .the density of 
a particular soil increases wdth the increase in the height of 
drop/of the .same rammer, which in effect is an increase in the y ; 
compdctive effort. Considering a moisture content of 6% as 
an example, the densities in Ib/cu.ft. are 1.32., 134, 136, 4 A . 
136.2, 137.7, 138*5, and 139.2, for heights of drop of -6, 9, 12,
15, 18, 21, and .24 in./respectively, . It can be seen that the . :;v
increase in the density is at a decreasing rate.: The -same /
criterion is true for al 1 moistures belowthe optimum, :: Further­
more, Fig. 15 illustrates that the maximum density increases . . 
and the-optimum moisture content decreases for the increase in(i. -
the height of drop.
. . An. inspecti6n; of;/Table 5, indicates that the i ncrease in ‘ ■’*
the maximum; density-is at a decreasing rate for the first three 
increases and it remains almost constant for the last three:.";;- ’ V?
increases. .For instance, for the increase in the height of - • 
drop from 6 in. to 9 ;in. ,v the .increase in the maxim-um density 
is 1.0 Ib/cu.ft, but when the height of the drop increases 
again to 12: .in. ; the /increase/in? the; ^ iiiaxinnB/tosity; becomes ;
0 f 7 /Ih/cu jft v,^  which ;fs 0 .3/ -lb$cUVfpv^^
increase. / The same, treiid continues when . the height /of ; drop/;
:increases/to/15 in., as the increase:in maximum deiisity is 0.65 
Xb^euvftv only with/a/ loss•;of:/0.05/1^ increase,
However/, when the height, of drop /increases to 48, }i$i; 
the increases in .the: maximum densi ty are 0.45, 0*65 and/Oi65/f' 
lb/cu. ft./ successively. This shows that is :fjV2
nearly/constant/With./the/Zex^ first increase /which/" -1
is particularly. low, and would not; affect the general trend /• 2 
explained /here t of or e. ;: </;/,i; Xi//' ;/ 2'-// /. /;\: .
\rf Table; 5/ 'shows alhb./ t h a t o p t i m u m  . 
moisture content correBpbhdihg to the increase /in the height/ 
dTdrop of the ' same r^rnmer' 4 s. :ait: n/.decrea^hjg r ^  
three increases in t lie : height of dr op, af ter which the decrease 
remains almost constant. For instance, when the height of . ' 
drop increases from 6 in.1 / to 9 ip., the decrease in the optimum 
moisture, content; is/
height of drop increases from 9 in. to 12 in. This is 0.1$' 
less, thap the first decrease. Again,' when the’ height of drop f, 
increasbs to 12 in • the decrease in the optimum moisture 
conteni: is 0.15$, which is 04;05% 1 ess. .than the preceding /' / ;;C;* / 
decrease. However>. when the height of drbp increases to 48,
21 and 24 in. ? the decreases ;%in/the op t imum moisture are 0.45$,
; '; r
\ ) '■ / ./ TABLE No.5.
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• if ' k H ' , y  V '. '-  ’* y : ' f  • '■ »0 A / /
;0 . iO^ ,; ^ d.. 0. 15?S r e spec t iy ely, whi,ch i^ibat e sf ^tkeJ 'iex^ex^^r^ c 
o f ’itk&Adecfeassf^^ koxy&y^rtiyrl: increase
: in tke:;height of dropf heyond 18 ^ ik^yy3y ? y y - 5.
1 k iliustrate s that !,tke
u M e r : di s cus si on,. ;is closerz kear fftheiry^e 
‘^^ r^oidf* eurye^t'toS theyftejkl^ fcb^ ^
• i#e:; -fas*;like rnbisture content increases.f .f yin no case the 
;,. cbmpacti oh curves .intersect the zero :ai r: voids curve which'vy 
suggests that what ever energy applied: to c ompact a particular
soi1, the saturat ion ease cannot he keached9 andvthatfffchereAisy
some air trapped in the soil which cannot h S excliidedi§€^teM^~ V * ‘ ’ f ‘ f ' rZh ;
' •: " ' ’ . " . r so ~ r?^t ' * v; ■>’ v /- v‘ ' I
pressure develops in the air entrapped is responsible for the •';*
limit at .which a particular soil can he compacted as will he ’ •
explained later, . \ - ■ ■■
Fffect of Increasing Diameter of Striking Face of! Rammer on . 
iCompaction. . ’ * 1 :
Proctor (6), and all other investigators who -followed If 
him, used a rammer of 2 in. diameter striking face in soil 
compaction tests, although the inside dimensions of Proctor1s 
mould were changed in many cases. '
In this investigation, the. writer altered the diameter > 
of the striking face of the rammer to 2% in. without changing :•• 
its weight, in an endeavour to find out the effect of the 
striking area of rammer on compaction. Results of such tests . •
are given in Tables 59-63, and their , compaction curves are •
illustrated in Fig.16-21. . . ,>
From compaction curve Fig.16 drawn for a height of drop 
of 6; in., in this new series, it can he seen that it follows 
the same characteristic shape as that of the usual compaction ■ v 
curve in all features. - For every density helow the maximum 
there are two moisture contents with which the soil can he 
compacted to attain this same density, e.g. for a density of 
132 lh/cu.ft., the two moisture contents are 7.10$ and 9.0$.
Applying the same rammer, in the same manner hut falling; ; 
through different heights of drop, the density increases with ■ ; 
the increase in the height of drop, when.the soil is compacted • , 
at the same moisture content. Fig.21 confirms this statement 
as it'shows . that the densities in lh/cu.ft. at a moisture S . ’
: ,Vcontent of 6# are X&8 •7,: 129.7,; 138 *4T 135♦O', and 136.4, for .
Y V heights of drop of 6, 9, 12, 18 and 24 in, respectively. This . 
criterion is true for .all moisture contents below the optimum; . Y  Y : 
However, a deviation from this rule is visualized: for moisture Y Y  
; c ont ent b el ow 5% for 6 and -9 in. ‘heights of 4 r°P* ; : • m Y Y Y
Again, the maximum density increases with , the.;increase • • •
• ; in the height of drop, at a decreasing rate.;- . Table 6 shows \Y YY 
that the decrease in the maximum density, is 2,3 Ib/cu. ft. for _>./
. an- increase in the height of drop from 6 to 12 in#, and the YY ^ v-Yv 
increase in the maximum density becomes 1.05 lh/cu.ft# whenYYYY’ Y: 
: . the height increases from 12 to 18 in. , i.e., 1.25 lh/cu.ft#
less than the first increase. Finally, the increase in : Y Y Y.Y 
maximum density becomes 0*7 lh/cu.ft#, when the height of drop 
increases from 18 to 24 in. with a reduction of 0.35 lh/cu.ft. :Y
YY;'’ - TABLE Ho.6 . ‘ : • "/ '" Y '^Y Y'yV:'Y
Optimum Moisture Content, 'Maximum Density and Their Y.Y; . Y;'
. Differences for 8i25 lb. & 2^ in. Rammer. Y Y Y Y
Height of 
Drop; In. Optimum Y ■Moisture 
Content %
Decrease.
in
Optimum % .
Maximum
Density
lh/cu.ft#
Increase in 
-Max. DensityY 
YY. lh/cu.ft.
6 Y  8.2 134.150.5) Y  ; , 1.05’ )
- 9/ v 7.7 )0.8 135.2 Y . Y. . ) 2;3‘■ ■ ; 0.3) 1. 25 ) Y; YY 12 Y  7.4; 136.45 • V ... ' . - ' / • • ■, o # 3  v: • •>* * .• , • • * Y 1.05
• Y  .18 ■YY 7.1 •. . 137.50,2 . o . 7  ; •
2 4 Y ; ; / : ; Y* 6.9 .. 138.2
Table 6 also indicates that the optimum moisture content
• ,-cav'aa/.U 7 / : ->V 52 ~a- ;v'\:7\ K  a///:;/ a77' ; ’ ' '^ '7
decreases with the increase in height of drop at a decreasing 
rate. /. For instance, when the height of drop increases from
6 to 12 in. the decrease in the optimum moisture is 0.8$, hut
as the height of drop increases to 18 in*, the decrease is
then 0.3$, which is 0.5$ less than the preceding decrease. ..
Finally, the decrease in the optimum moisture content becomes
: 0.2$ when the height of drop increases to 24 in., i.e. the ./ .
decrease in the optimum is 0;1$ less than the previous decrease.
7 Comparing between the compact!on curves and the zero air7 
voids.: curve Fig.21, it can be seen, that none of these curves : - ' 
intersect the? zero air voids curve.-7Their wet portions are 7 
closer near their peaks to the zero./air voids curve and they 'f”y- 
tend to be more distant at their ends. \ 5, 77 7/ \a7
■ 'A comparison between the results obtained by applying a. ;;,'7- 
rammer of 2% in. diameter striking face, and those corresponding 
to the same rammer but with a smaller diameter for its striking 
face of 2 in., shows that the density for the former is less : 
than that for the latter at the same moisture contents? below ;
’ the. optimum for the same heights of drop. '
. Considering the compaction curves (Figs.16 arid 8) for
the two rammers for :a height of drop of ,6 in., as an example, ;/ .
it can be, seen that at a moisture content of 6$, the densities?
in Ib/cu.ft., are 128.7 and 3132 for the 2^ and 2 in. rammers • ?
respectively, i.e. a decrease of 3.3 Ib/cu.ft. for the 2% .in;-/7.' 
rammer. The same criterion is true for vail/heights of dr op -//A 
at comparable moisture contents. ,.,,7 /' 7>?7/- - 7
• 7 . - The maximum density for the 2^ in* rammer is less,.than ,■ ?7,
that for the 2 in. one for comparable heights of drop.
Tables 5 and 6 show this ,characteristic very clearly, e.g.: for,: 
the 6 in. height of drop, the maximum densities, in lb/cu,ft. 
are 134.15/ and 135.4 for the 2^ and 2 in . rammers successively V 
which indicates a loss of 1.25 Ib/cu.ft. in the maximum density . 
using the rammer of the bigger striking face for this height 
of drop;. Again, 5 the same criterion is true for other .■/-'
heights of drop. On the other hand, the optimum moisture 
content for the 2% in. rammer is higher than that for the .
2 in. one for the same height of drop. For instance, the ;:
optirmim/moisture content for the former is 8.2$ compared with// ■■ 
7.4$.for the latter, i.e. an increase of 0.8$ for a height of 
* drop/of; 6 , ihi v Tables 5 ;and 6 confirm this tendency for 7-
other heights, of drop, ..; It' is also noticed that the ..compact-
ion curves- for/the 2-jjr in. rammer //are closer, to thezero air voids •, •/ 
curve than those for the 2 in. ’rammer. / \> This characteristic 2V; -? 
.. and other explalned heretofore•. will, be/discussed and inter- ' .2/
preted in a later Chapter, v; •,./: . >•’ ; ; a ' •" a'a ■ /;
Effect of Increase in the Weight of .Rammer on/ Compaction.
. /To find out the effect; of - the ..increase in the weight; of. - -a- • 
the rammer on compaction,/ the weight of the rammer of 2 in. ;; 2 ,/■
2 diameter striking,/face /was increased from 8.25 lb. to 11/lb. /
. and was dropped- through the same heights as those of the.; . a/7 . ,,2 
lighter one, ; Results of this series are given in tables . /; ./. :;/./ 
64-60, and the corre spending c ompaction curves, are drawn in? 2..27;/
-• Figs. 22-27. The compaction curves for this rammer take, 
the same typical shape; as those of both the 2 and. 2£ in./
• .i rammers hut of. lighter weight. For every density; there are •
- ' two moisture contents :with which the • soil can he. mixed and-, Y Y y
. 'Y' compacted to give this particular density. As an example, -/
,; for a height of drop of 6 in. the two moisture contents are . ■\
v 6,9% and 8.3^ for a density of 134.0 lh/cu.ft. /';. ; :
Y Y  -' ■ - • For the -same moisture ; content-, the tensity increases . />Y,Y\.
with the increase in the height;of drop.• : Fig.27 confirms ..
•' . this statement,: as it shows that for a. moisture content of Y 
Y  6% the densities in lh/cu.ft. are 129.5, 133.2, 135.5, 138.8 ;' Y:
and 140.1 for heights of drop of 6 , 9,.. 12, 18 and 24 in. ’"
• suecessively. This crit er ion is true f or all moistur.es below . v ■;
Y the* optimum.' Y .Y. YY/ Y ' ;•; ’*; ’ YY. Y Y..Y:’
Y 1 , Y The maximum density increase's with the increase in the " 'Y-;- 
, * height of drop at a decreasing rate. Table 7, shows that as /
. v the height of drop increases from 6 in. to 12 in.., the maximum
density increases from 135.45 lh/cu.ft. to 137.8 lh/cu.ft.Y. ;;,Y 
i.e. the increase is 2.35 lh/cu.ft. , hut as the height. of drop ':;Yr 
increases to 18 in., the maximum density increases 1 . 7 lb/cu.ft,Y 
.. ■ which, is 0.65 lh/cu.ft. less than the. preceding increase. Y .
, . . Again, when the height,. of dr op increases to 24 in., the - increase *
in the maximum;density is 0.8 lh/cu.ft., which is 0.9 lh/cu.ft.
: less than the second increase. Y Y . Y- YYY'.V
Y The effect of the increasd in the height of drop on the YY 
. . / ' optimum moisture content can he /seen in Table 7, which indicates Y / 
■■/*■ / that, the .optimum moisture content decreases with the increase •
in. the height of drop at adecreasing. rate. To illustrate ... Y='
this, characteristic, it can he seen that the decrease in the; Y/YY;
optimum moisture content is 0.65%'when the height s of drop 
increases from 6 in/ to ; 12 in. , "but as the height of drop 
increases 18 in., the decrease in the optimum is,0*5%9 which 
is 0.35% less. Again, when the height of drop increases to 
24i in.the decrease "'becomes 0.15% which is 0.15 % less. ■
y'. - ''' ’ ' TABLE No.. 7 '• '
Optimum Moisture Content, Maximum Density and 
Their Differences for 11 lb. and 2 in. Ranmer.
Height of 
Drop in.
Optimum-.’ 
Moisture 
v Content %
Decrease 
in ‘; 
Optimum %.
Maximum. 
Density 
.Ib/cu.ft.
Increase ill 
Max. Density 
Ib/cu.ft..
H" 6 V 7.4 :
0.4 ) 135.45 1.25 )
. ' 9 , ;.' , 7.0 . • .y ‘ J0.65 136.70 , * } 2.35
12 6.75
0.25)',
137 *>8 1 . 1  ) .
18 '*-■ 6.45 ,v
0.3 ' ;■
139.5
1.7 v . .
'v';24'- 6.30
0.15
f- 140*3
0.8
. The main feature. of the relation between the compaction;^, 
curves .and the zero air void curve seems to be unaltered, as 
the wet side of these curves are closer near their poahs to 
the zero air voids curve and they tend to be far at their, ends. 
None cf these curves intersect the zero air voids curve. This \ 
means that there is still some air entrapped in. the voids of 
the compacted soil,, which could hot be expelled whatever energy 
is applied for the completion of compaction. Comparing the' 
results obtained by applying this rammer of 1 1 lb. and those .Ji”
obtained; by applying .the lighter one of .8* 25 lb', * it can ho .f 
seen that, for comparable heights of. drop., the maximum density 
is. greater, and’ the optimum moisture content is lower for 'the y 
•A heavier rammer ,. ; Tables 5 and 7 show that the increase in, , y  ;• 
the maximum density is more pronounced for increasing heights y 
of drop, The increase in: lb/cu.ftv is 0.05,. 0.5, 0.7, 1.3 
and 0 .8 for heights of ’ drop ofy6 , < 9 y • 12, 18 and 24 „ in. * successr?y 
ively. .A; The. decrease in the optimum moisture .contentt is not ..yy 
substantial as it is nil for a height of drop of ,6 in., and 
. fluctuates he tween 0.05^ and Oi15$.' •; . -*1
GONCLUSIONS. / ' . '. ‘ • V ’ " . ’ A/ ' -  •
"v‘ From the foregoing discussions, the following. conclus- :v
'Ions. can;.he noted : -',7 ...y. . : y \ ”y . y.^  • :
: 1) ; . Compacting a soil under the same compactive effort, its
density increase s with the increase in its moisture content :' ;V '
/ Until a certain moisture is reached, which is defined as the yv;.
optimum moisture nontent, after which any increase in the 
, moisture content results in a decrease in the density. This - 
has teen found true, whatever type of rammer is used for ' y;y 
, compaction,; .,v- y, . .•■ ■"•y . .. J - y:y ‘
2).., Increasing the height: of drop of the same rammer to 
compact a soil Results in an increase in; the density, in 
generaly and: in the ■ maximum density inparticul&r, at a deer easy!. 
ing rate , and a decrease in the optimum mois ture . content at a 
decreasing rate as well,‘ regardless of the type of rammer used 
>Vin: compaction. 5 ‘
-Y7 Y ' Y - ' Y y - ' — YYY'Y' :Y - 57 - j -:' ;Y-Y:y-vYy--y" >* -/■ "T; 'Y-.-y Y/Y ■
Y; *; 3)• Increasing the diameter of; the striking face of the . Yv Y--:
;Y YYMY y  rammer, :without changing .its weight, results "in, a decrease - /
in the 'maximum /density and an increase in the ,optimum moisture f V •
Y Y ’V?, Y Y content/for comparable heightst of dropY Y Y ‘ \
Y Y; • ■ ‘ ; 4) . Increasing 'the weight of the rammer, without changing
Y ;: . Yt its face diameter, results in an increase in the maximum dens- 1 ' ;
;Y ’' r . * ity and a decrease in the optimum moisture content#,YY ; YY/ VY YY Y ’ 
5 ; 5) , - Whatever energy:- exerted to “compact a s oil, there., will, be y. Y -v-
- Y . some air entrapped in its /voids which' cannot be expelled. V. * : :-" v, YY
CHAPTER 3 : ■
' ■ V INTERPIHSTATI ON OP, ;C OMPACTI ON PHEN OMEN A. .• y V,’ ' \y •*.:
THEORIES ADYANOED T O INTERPRET COMPACTION PHENOMENA, . y
Several theories have been advanced to explain the y  / 
phenomena involved in soil compaction.; y Such theories are- 
reproduced h e r e a f t e r ; ' • - * .  : .. Y
lubrication Theory.; y ’y;
In 1933, Proctor (.6), the pioneer of soil compaction, 
published his lubrication theory to explain the part which 
water plays during, the compaction of soils. . As ordinary 
soils comprise different shapes and sizes of sand, silt or •* ■ ■ ’ 
clay particles that do not f ill : the space occupied b y »the soil, •• 
they: are compacted by forcing the smaller particles.to fill y 
the voids between the larger ones, resulting in a decrease■in 
their voids;, and thereby an/increase:in their densities. To; 
accomplish this process, the compacting force should overcome 
the frictional resistance between the particles. Water plays 
a great part in this respect. y
• It is contended that water, contained in dry soil, 
surrounds the soil particles with thin films held in place by 
surface tension. , The capillary5 force created by surface 
tension at the'/joined films1, holds the particles together 
resulting in a high frictional resistance between them. If 
water is added, the capillary force is reduced; thus releasing 
they particles,; which has the effect to expand the soil, and y y 
reducing the frictional resistance between them.; This effect 
continues with the addition.of more water until the
capillary force isYentirely released^ and no/fw 
sion takes; place.: ;.,At this/stage, the soil does., not fill/all Y;,/. 
the air voids,.and/addition of more water lubricates the soil 
without expansion until all the voids are filled with water.
In. thiscase, the frictional ./re sistance is reduced/ to a minimum 
so that. i t cannot be reduced any mors without rearrangement . 
of the particles. . ... • . /y* , YY.- . -r. ;Y ■•..■• /* YY-/-. Yy
.Compaction of a soil at a ,very low moisture content may; 
result y i n  a hard firm fill, of low density. r0n the other Y. • 'YY.; 
hand,/compacting the same soil with the same/effort but .with Y/Y 
a slightly higher moisture content,Ya great rearrangement. 'Yy '
between the diff erent sized soil particles- takes/place due to ;Y 
the increased lubrication caused by the addition of more water; 
thus resulting in/a soil of greater: density, less - voids, and / / ■ 
more plasticity. This process continues until.the moisture yY; 
content plus a small amount of contained air .that /compaction;. // 
cannot remove, becomes sufficient to fill the voids as the .•
processris accomplished, y. At this stage, the soil will have y
the/greatest density and the least voids for this particular YYY 
method of compaction;;; . ■ / ., ’ y; VY '  y • ••. • ;
. . However, further reduction in the voids is impossible' • Y/:/
without f orcing/out some; of the water or contained air. ' • As ; /Y 
the contained air could not be reduced any more applying this /Y-;■ 
same compacting effort, .the addition of more water, will result // * 
in an increase in the voids and a decrease in the density until - " 
the' soil becomes very plastic to sustain the compaction equipment
G.A. Hogentogler Jr. (16) in 193.6, gave his film theory 
to interpret the compact ion phenomenon arid other soil , y 
characteristics. Plotting the density of a compacted soil, 
against,:its .‘volumetrie water content per cent, which he 
defined as the volume of water content,: expressed as a percent-, 
age of the volupe of soil particles and watery he found that ' 
the compaction curve has turned out to he a series of straight 
lines which intersect in three; distinct1 pointsi'-" He -defined 
these points; . the hydration, lubrication, and swell limits.: 
Furthermore, the zero air voids curve, has turned out to he a ;
straight line, which he suggested that it should meet the ; 
compact!In•;curve (now a series of straight lines) in a fourth . 
point which he defined; the saturation limit.; Fig.28c ’ shows 
Ilogentogleir*s’ limits. , ‘ : '•-> '•
It is contended.;[that the moistened soil particles, finer 
ones in particular, are enclosed in thin films of absorbed 1 
water,’which in turn are. surrounded by free water as illustrated 
in Fig. 28a given by Hogentogler. The innermost layer 'of these 
films is more nearly like ice than water, and the entire film’■ 
has a higher boiling ■ point, and lower freezing-point, and a 
greater viscosity., These characteristics decrease as the ■ 
distance from the particle surface increases, and grades out, 
to the.;properties of free water. They are affected by the 
shape and size of soil grains, the chemical composition of the.; 
soil, the kind of adsorbed ions on theirau^facey and/the 1 .
chemistry of added water. > ; *■ , A A !,
During the hydration stage, the moisture film is thin
and consequently more viscous.'and glue like^ so that the effect
of the compacting force is to cause a little increase in the 
density, since the effort will he wasted to overcome the 
great frictional resistance between the films. When the 
water is increased beyond the hydration limit the thickness of
W ’- ' y  v ;7‘ '■■///: 7 y  . / V y  . *’” N .» 7 7-777  : '*lX Y 7  ' A '  X 'f l 'S  j  ; ‘'‘ r  i*’‘\v V * ;- ^ 7 .  %£ ’■ 7* '
the film increases- The excess water of the hydration film
. 7 '■*•'>>«? t s//X*: y  X X X  X " 'iV r -V ’ v r V / ; , r r .-7 - ;"y ;7 *  y ' - 7  X t X ' : S -  v r> ‘C v ^  7-7' 7  X X X  r, * ' s 's  ( X X X ' X X  ’ 7y
tends to act like a free water to facilitate the rearrangement ^ 
of the .particles, so that .the finer particles fill the voids
between the larger ones, without excluding all the air. Gonse-
f • • • ’ > s - * j ~ „ * qjiently, the air content is reduced, and the whole process
continues until the lubrication limit is reached, where no
y|&rther 'compaction takes place using the same compactive force. 77
in an
. increase: in the f ilm thicknes s , c onsi&erably • When- the air content 
remains fairly constant. The moisture in the films during 
this , .stage is attracted very strongly by the soil particles 
than by.gravity and,will coat the soil particles without fill-
y y ;.‘ y  , , y  7 y 7 V V 7  *V t; j  ‘ •-/•.''. » **. 77 >:w ■ * ' - V 7  7 V 7>y y  7 Ty V- - y  .7%7 7 7 *7 7 ; ' * \ 7 7 y '  7 »r. 7 7.7Y 7 y 7  ' ’ 7  ;7 ‘
ing the air voids between the outer surfaces of the films as- 
illustrated in Pig. 28b, given by Hogentogler, until the swell 
limit is reached. When the moisture content is further 
increased beyond this-limit, the excess water will act as a
7 -v  7 \  . * V -  7*7 ’;•’.*'v - /«"-'•“V**. . v  ’■ 7*7.yv7*7 ’ '***-•?>.7?*77*,v ■ Cj- , '  7- 7 Y 7 y  ■* ‘ 'C l y y ' 7> 7-.. 7/?* *7 '7 '.v ; r, ?. - 7 7 7 7  7- - X • 7,7 </ y . y  » V. >, 7 '  ; 7*
free water *which may be attracted more strongly to gravity 
than /iothe./
* \ 1 _ / '7  s, * K 7 7  ,V %'7. 7 . ;  />■ •’«? 7.7 ^. , * > :i77 * 7  " V y - v ^  .f.-7 ■ * *■ , ' y  '  7 •"'* r  7 '  ’ 7 7  / - v ?v :- y 7 ' / y y  ’’ * * ,/1',?' '7 .7 / y :v 7. y .  •} : .7
the air until the soil becomes absolutely saturated.
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In 1942, Buchanan (28), gave what he called a clarifi-
62 ~ y v
cation of the lubrfeation theory. / 'He ■ believes that not;' ■ / '% 
only the fine grains; are/foreed into.the voids of the coarser - 
ones, but a general interlocking or readjustment, for all the 
grains, takes place„ At a low moisture;content, the soil . -A' 
particles are coated with thin water films as has been explained. 
The surface tension of these thin films is very great and tends 
to bind the grains together forming series of arches which do . 
notcollapse by the compacting force’, resulting in a low 
densification.' V Increasing the moisture c ontent, - the films v " 
become thicker resulting in a reduction of their surface ;v 
tension and in the s trength of the arches, so that the density 
of .the soil increases by-..the application of the same load.,: .
This process continues with the increase in the moisture 
content until the optimum moisture content is reached. ;>• At t 
this stage, the 'water . in the soil is just sufficient to 
neutralize the surface tension, and the compacting force is 
totally utilized in readjusting the;grains;r. thus resulting in 
a dense soil. After the optimum he absolutely agrees with the 
explanation given by Proctor for the next stages of the process.
•DISCUSSION.; OF THEORIES ADVANCED IN SOIL COMPACTION.; • y Y  -A;
To be able /to discuss the above-mentioned' theories, 
the writer calculated the volume of* soil particles, /'total ' Y 
voids, water ■ content Y. and vair voids expressed as percentages 
of the total ..volume of the soil, i.e. volume of soil particles 
+ water 4 air, for all the tests carried out in this/invest-“A  
igation. ' . ; - ’' ; « \ • . ‘
y  The following symbols will be used hereinafter.
Dq. = Dry density, in Ib/ctuft. • ./. ‘
w ■'» Moisture content per cent of dry weight.
/■/ ni Volumetric moisture content per cent. ,/y‘
G- = Specific .gravity of soil;particles, it equals,
y ■ to 2.664 for *• the . soil investigated. See Table 50,
.;Y \Y Density of water is taken 62.4 lb/cu. ft;‘ • A/-y -
Vs a Actual volume of soil particles,. /.
y ’ Vv W  Volume of> total Voids, i. e, * water and /air.
. Va /b. Volume of air voids only. Y Y.Yv.
V = Total volume’of the/soil (soil particles 4 water
: ./;-Y ,4 y lr)y ' . * v/Y Y ’ Y y ,y’ ’ '':'YY; '. ':Y' Y -yy
Ws =s • Weight of soil particles-. - \
q = Volumetric soil content per cent of total volume 
■ < Vs x *100 AY.-
:  V /  / •  . ■.  y  ■ y y  V y y  -
n = Porosity or ratio between total volume of voids
-Y and total volume of soil per cent. Y /
,.y:\ '■ v . y  : . .v.- ' . ;'4'■. ■ ,;y  y :
a ==: Percentage of . air voids of total volume 0 y sy
The method of calculating s m, ri and a is las follows : ~y : 
, s = ' x 100
’ Ws x  loo , ~
/. YwO v " ■//, ///'.
' '': ■'■ ■ Ws • 100 ■ ' / : •: " •
" "V.xV w G
■ • ■ %" ■ ioo d3 //' •''■;y  ’' ■ ■ • • y- ■ .vv
s =  0.6016 Ih for the soil investigated . v "v,ssss sssajsaassss S -
n = ^  X 100 ■ ' V, .
■ V:V. = x 1 0 0  V, Vv ■ ■ y  ■ -V y ; /y//v</.
m :• 0.016 wD l . as shown invAppendix 1 .. A; . Ar v , ;A "v
a as' ■ n - m
• The results of such calculations are given in Tables 
69-85 and drawn against the moisture content per cent of dry A 
weight in Figs..; 29-45. A- '• y‘> A.-; :- ,,^i ' •  .Ay. vAA
These Figures, show that as the moisture content increases 
s increases, when n and a decrease. For instance,:if Fig.29 
is considered as an illustrative example, it can be seen thaty-' 
as the moisture content increases from 3$ to 4$, s increases 
from 75.5$ to 76.2$,. when n decreases from 24.5$ to 23.8$, and 
a decreases from 18.5$ to 15.6$. The decrease in a is 2.9$ V•’
«H*ri *
which is substantial. yjhls should be expectedy sin.ce the ,v:.
decrease in a is essentially equal to the summation of the
increase in m which is 2.2$ in this case, and the decrease in 
n /which is 0.7$f ; . The same characteristic,; continues; until the
y ; / ’ YY.' . - 65 ~Y • YYyYy - .V. A . : Y y  ’ y 'Y-:; • ■ Y Y . • .^Y;
optimum moisture content is reached. As the moisture content 
exceeds the optimum, s decreases and consequently n increases.; 
However, the .air voids a still decrease until they reach a 
limit after which a further increase in the moisture content 
.results, in their, increase. y  Y.y ; . Yy.. - -y ' .•
For the example at hand, the optimum moisture content 
is 7.4%, s, is 81.45/?, n is 18.55?? and a is 2.49??. ; When the v “,;-
moisture oontent increases to,. 8.0??,- s decreases to 80175??$ & 
increases to 19.25 % and a decreases to 2 .0??. On increasing 
the moisture content to 9.0??, s decreases to 78.5??, n .increases 
to 21.5??, but a increases to 2.5??. y
These- characteristics are still true for other rammers 
used in this investigation, i.e. the rammer of 2^ in. diameter 
striking face and the 11 lb. rammer.
From the foregoing discussions, it can be seen very /.. 
clearly that .compacting the soil at the optimum moisture " 
content, does not result in the minimum air voids, although it 
results in the minimum total voids, whatever method of 
compaction is applied, y •' t y ' ■ - v ‘ - y Y- -YYy / ;Y
The film theory advanced by Hogentogler is, more or less, y 
a scientific interpretation to the lubrication theory#
Eventually, the former is discussed in detail hereinafter..
The film theory assumes that the air content after the 
lubrication.limit is reached.remains constant during the swell a  
stage, after which it continuously decreases until the 
saturation limit, in contradiction to the above-mentioned ;Y 
characteristics found by the writer, . Consequently, it seems . Y.
that films coating the soil particles are not the only factor 
responsible for the compaction:phenomenon, and that there shouId 
be another predominating factor which acts with these, films 
side by side,: to result in the characteristic shape of the 
compaction curve. The writer .suggests that the air ■pressure '.y
which develops in the air voids during the compaction process 
is the dominating, factor sought. - ' • .:;v: A :• ' - ■ :
At low moisture contents, the soil particles are coated 
with thin films of water, and the air separating these particles >; 
is likely to be connected to the atmosphere, and thereby . 
adapting its pressure. Should the particles be closer by any 
means, in such a way..as to prevent the air within the soil to - A'A
be connected to the atmsophere, the pressure in the entrapped 
air would be greater than the atmospheric to an intensity 
depending .on the closeness of the particles .and the volume of v
air entrapped in the resulting pockets. The bigger thd 
volume of air; entrapped, the lower is its developed pressure, •
and vice, versa. On the, other hand, at higher moisture contents . 
the thickness of the films increases. This hasT three effects; 
a reduction in the surface tension of the films resulting in 
a decrease in the frictional resistance between the particles, 
an increase in the number of air pockets, and a decrease in v 
the volume of air entrapped in the individual pocket.
During a compaction process, part of the compact ive . \
effort is utilised in forcing the finer particles, which are 
less resistable, Ihto the voids of the coarser particles, and • 
the other part i s di s sipated in over c oming. the pres sure developing
/ v :.' Y y  -" Y  - !6? ~
' in the air pockets as the particles get closer. However,Y  
the - air pressure ..at. this '/stage, is not very high that the result y.
Y is a denser soil with less total,voids and air content.
* ‘ Thisymechanical action continues with 'the increase in 
moisture content until the optimum moisture is reached. At 
this limit, the. water has its utmost lubrication action and 
thereby the frictional resistance between the particles is y
Y. \ minimum, so that the finer par tides can be forced into the y 
voids between the coarser ones by the least completive effort, 
y On the other hand, the pressure developing in the air voids * 
increases so substantially that a great, part of the compactive Y  
effort is wasted in overcoming this high pressure. The re- 
, . / mainder of: the c ompac tive effort is just enough to overcome 
y the small frictional-, resi stance .between t be films, re suiting- y -
in the maximum density with the least total voids. • "
'When the moisture content increases beyond the optimum, 
the greatest part of the compaetive effort is again dissipated -y 
to overcome the increasing air pressure, which is eventually y 
higher’ than that developed at the optimum, resulting in a 
reduction in the air;.: void s. The remainder of the compaetive . ’/y 
effort fails to overcome the small frictional resistance between/' 
the soil particles, resulting in higher. total/: voids, lower /,. 
density and less air ,c ont ent. ’ The/ same action continues Until «■’ y 
a > minimum of the air avoids is reached. The moisture content-.
. at this limit is called, in this thesis, , the minimum air voids 
} y/y limit. ./ After this ...limit the .pressure in the’/voids is -greater • ?y> 
than the compaetive' effort,which fails to compress the air any y,
further , or even overcome the frictional resistance ; between/: - 
the par t i c 1 es... The result is density , A  ;A A;
hitftiek!• /-t.otal voids and' higher air content.* *
A - , ;• From the foregoing, /itv;kan.he.seeh that, the ■pressure,''-v; 
/d^eloping yin-Athe Aaii‘,;i-yoicLs dkringAthkco y
piays. a major part; in 'shaping :the;•’compac tion curvevto its we 1 1  
Imown .characteristic form. It is now left to investigate 
other chdr ac teristics:, assoeiated wi th e ompac tion in the 
. light, of the. hew: theory ;combining .both the action of air 
'pressure- Aahdy-bkb, grppekiiesAofA th^  ^ .
soil par tic les;; A"; A/.AA: : a?A::AA ■ • A-A, v . < .  >./ ’ ‘; •; AA./ A A A A y AAA A A r y y v . 
Interpretation of Compaction Results Obtained by Increasing 
thb: Height of Drop - of the, Same Rammer. \ -' -
:A * .ih"^nerai> ' the increase /invlheAheight of drop - of the A a  A  
same : rammer . to compact' a: p ar t i cular spil,; ,r e suit s.: in, a, higher/- 
;maximum; densityvand /lower -optimum moisthre A,content .as ;has:;A A/Av 
alr eady ;been illustrat ed. • T o A: interpre t these cr i tor ia iky A; ■■ 
the light o f ,tk^ newA theory, . curves FigsA^ 30, f ok t h b -.
/8.25: lb and 2  in. ■ rammer; falling / through vheights; of 6. and 9 in* 
will be considered as-.illustrative examples, .The maximum 
denaity and optimum moisture c ontentvfor 6 in. height of ;drop, 
are !135.4. lb. /cu. f t; :
is 81,45$, n is ld . 55$ and a is 2 .49$,- A On; .the /other ;hand, 
thhymaximum , densl ty/ and;;opt iritomAmoistu^
h ^ ^ A ^ A ^ ^ ^ ^ A | g | y 4  ,lb/cu. ft., arid 7.1$ respectively and 
consequently a is 82.05$, n is 17.95$ and a is 2.43$,
Assume"that the energy ^ exerted per unit area of the rammer 1
y  69 -
' f is E^ and';that' - fox* -9/ iny 
Eg. // .Ap^ying7,ener|3rEg,, -a \ part;;of. this.7bhergy.y^^^ 
should compact the .'same soil, at; 7.1% : moisture; oohtentresult%-?\7yi|
■* "7s;y|s--VV81i$0;|Vy x^n/ z=•;.^ -18^60%: 7;:and:•: a / • “ - ' /,//?;
'. ;6ut7the;bxcess; energy, "i.e. (Eg E^) is. just .enoughs:;7v;^ ‘7'//.-7
i. 7^‘xr^v>'r*v^Vrio t +Vrev- "h-i rrVirzr* o+.T-’rtihcil r»iaei.Q^ nnr»fe •;: rln fefc*fc irv-+:Hia ■’* 1.;Xwron;, CYit
•*> .?\ . v"
y r ; the voids of, the ' coarser > ones, and to overcome the increasing y/’ 
-•7-7 .7. - 7 ;7air;;p^ ///Consequently^ .the'.-s.oil ledchds, its
X  \ ••'/ * maxii'nurifi /densi t y : which;:is/greater than that 7f or a/amallei»7yyy^Yy7y
;. - .• ;- . /energy, e. g. E^ at a lower:'moisture/^ -v/////:
7y. :y  y\ 7 XpWeay^^ same.-explanation applie's for all' •
y>/7. •/ •; other.. heights of dr op«7 >7:7;>'v, y/7 y7.. 'XiXX'S*' - 7\ 
y y y  7- yy / /$£. 7It-.h as /also5, b eejti /no t ic e d ' that the increase' i':n. ;th6777/-->y:y  
;y - ,/ ; • maximum density is7 at a 'decre asing - rate.. 7>* This ’ shows^f hd/ Zy;7y 
7  /  f u n c t  s u r e y . d e v e i b i > i ^
:i • Ay
A*v /  '' .7; v f, :y f K
atXXk y'XM-  ,  V < f t "n- •
-.:-a constant rate.
77;’ 7-■•• .■' ’Z y T T u W ^  ^ 77
y::7--7' ^optimum 7mois1;urd7£pnt0niy^
t;7: «.. *•- 7*;.droppf the the .decrbasb.7i^’ffi
y'y \ fy'• VQidpxat /thb /Op^imu^
T?7 y y  •/’/ ceptfo^ xyy'.y<':^y-^ y^/r7 ;*r5rY-?7^
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{Interpretation of Compaction Results Obtained by Altering. 'V'f.- -v --V 
7 t M ;: Diametenof -the: Striking1 ^ aee;.i6fi;the:'^ommerv; 'z> * & ’;7g;lV7"S4f ^   f  - ^ . - ^ r ..^ - . i——r -  - -  ~*‘>“‘*l i i i iin rit^ir ii- - ' - — t.-~ “r  m — r -    m » -t i • . n m i i f t w t  *i n n n Mm— i i i p i . o n i r -  -1 i~ -  - r  i n  nr ~i m r i m - — •'
• * ? • of the striking face of the ' 0^.
••/rammer; of /thiei- ;same ;/w^ightA ahd'felli^
. vto eompact the. same2soil r esults • in a lower^^maximumTdehsit^:;; /:
n *n/l . n *h n av\4' ■? n 4r<i i vi V\ >\v» y, w 4* i < r* . v'O •? 4«Tv>< • ^  v iw\' >vl* :\Yf/y
energy
■ S '
A:Vr. k ’i  . can simply be applied in the same/way :without. any heed of;• /A/y-h 
A A' ;/ r epe t it ib n «, A; Ay. a ./ /  AA/y /Ay • .y •y.;./ /  A: //y/A /  A'A’A y % h  ..Ay /' A a- : S
A A' a ' One o f the most interesting features o f Table 8, is
AyA; - A> ■; the y'’S l i Q A o f  biggbh BtrikingyyA//
v a^sahare "alWbysy.lower ;khah - t h o s # ; f b £ y p ^ ‘:-‘^msi3LCL:eA< '%f| 
striking/are a .. Thisy aah bo .e xplai hed /as/ follows-/.:;y.; y-Wkph/AS/;y^r;^
• yA •  ^A A pjKyA i;^ yy v-' a A/!
Ay S; V: AAythh’; 2v;in. rarnmer,. the/%hickhess; o f -the f  ilmsyshould be adequate ;, AyA 
A> ; ; y ';••: to lubricate;/ the sailApart the energy exertedyisy /y
' .A not enough to overcome the small fric tion a l resistance between - 
AA: ■ A • >‘/y-v the?- £ iIrns;'yap3; papt;/£/thihyipwypnb^ vdis sipated; to/overcbDie.y A)AA;
A’ ’. ;-AA ihe .pres sur eI d ey e l op ing ih - ih e a fr v o id s .  AThe;; aiav^voidh/Av/vv-:^/
esultls - a/;mucha,Ar.; s A/ 
to be A com--/A v H
yy ; \ . ..particleS o vA'i Since the . eher gy: is kept; the ..same **' - M - %
AAy y v/v/tbAconipach iheysoii apyyfurthera is' hyAlncreasink t ^
/A -content. - When a moisture; content of 8 .2$ is .‘reached, the air 
’ pressure in the voids *in considerably high so that a great 
A/ A ;A.pakik^ ; di s sipate&yinyoverc omingythey ai r p k e  s sur e. A:A/y
yA.’*-’ Ay V'They the. energy*3:
A/.- '' - y; v they; c bns iderab le;; low f r i c t i pna 1i r e s i s.t ahc e b 0 tween Athb - part idles A A/ 
Aia . * A Aythe reshlt yisyt^ ;fbr/ this: .iowAbhbk^
Ay y / ’ ' - ’. air vo ids than ; tha/y f ortky higher;; ehbrgy, A i-hS aJA?a ;*V. A a aA A / A h  A A:
AAAAAa a^ aAA v
.v.v/y''*;/'■;/.// .■/. : .' -.■': . /*■'/*• A
AlA/AA A AVA AAvA
Interpretat ion o f G ompac t i on ,*Re suits Obtained by A1 terinp: the 
Weight - of the rammer,w< h y S z v  
: • alrea^^ nOtpd /that^/vfon; compar^
f 6f: dr bp V the . i nc re as e i n the we igh t of : the- -rammer of :•, the Y satej 
s Wiking; area:c,/: results in. an • increase in. the; makim^ 
fBfiudi ii.: decrease; ;in the optimummoistiire, content. ' Thi s ;resulf^
- isi quite anticipatedsince /the; increase; in the weight of the 
•rammer'falling4^ l^rbugh' thbosume^hei 
:.io c^crOase;; -the''" ehergyY exert ed::to:^6mpac t^^eVspiT^
thereffect of the increase in energy by increasing'"the height 
ofditop :.and;^keepingthe- Weighf/tof^
:8 : indi.bates that* for /; cornpar able •: heights ;bf;:;drop^ 
the'*air /voids-Sft ;.the-'*g^  content decrease with
the increase in the weight'of'“the rammer* ' ’ This criteri 
^ustif ies^’.ijhe: a s sump t i on On . whi c h ; the, n e w t lie or y is'; ~
/increasing; mbistur 
ahd'f/fehg:'fuhcfibn, of the a:if \pf es©ure
during/'ebmpaetibrOiyy-to^Y-'-^
on on i 3 
based 
o e content*
CONCLUSIONS
ir‘- "•/ j
* y*£y
£)" ^ X9bmpa.ct:ihg;;a soillatvt^ moisture contentf does : :
;resU^tT'‘ffi;: the ,minijnrto ;air: 
cbmpactiye -tof f brt?t akes'
) 2); 7 jhp /dir vb ids at the optimum moistur.e e on.teht. decpease
; with - the increase in the height of ^ drop ,of the same rammer, •/
> the increase/in the weight of" the rammer of the same diameter?■*'
, of striking, face, and the increase in t be :d iamdter : o f ; stir iking/7:7;yf 
/'face of the rammer of the same weight.
- 3 ) :The/ minimum;-; hi r : voids7 occur h £,.a mblsturpi c ontent greatefy/7/Y 
than/the opt imum , 7 regardiess of7the form of t he c ompact i ve 
. effort 7/^77; 77 /yy y; ; ’ :V. rvjrf/.;
. 4 )V- /'•& Tdi scussion of the/film theory7in the’;lightof'7the; y  I 
writer ©^ d^jnL* the/development of a yew theory*/-/
yin t^bYthetj^/theJcj^
v-vhhd' the; air pressure developing/ in/the -voids,/ were combined'/////^ / ? 
: it'Q interpret"■ alirioet'7all, ;.:the/phenomena assobiat ed'/with/^the^/yyy /
* rpornpaptiPn of spllb> /;• '•>.7 y7/--7//7.Zy7T- v7.-: 77/"'y / y / />/ y  
5 )/ 7 TThe : sue ce s s o f  /the hew the ory tointerpret / the; dif f er eniy/f "y /' y
• yctarhctb^/encoun£}ered7in74he7^ v/y
to the ; concept ion; of tihe asamp.tions ’.first used. 7 ;y f
6) ;'#5TOi^ /r^3L^ T^:;^ |fe6^^
/ . the air ’cQntent/yemaihs/cohstaht/fo 
than-the optimum until the swell limit is reached. 7 The writer's r 
work contradicts this assumption, and rather refutes'it.Y
V "
ANALYSES OF COMPACTION CURVES IN THE LIGHT O Q O Q E l ^ ^
Using the-method suggested by Hogentogler Jr., in which 
he pi otodthe: dens i ty a galns t the,, moisture content as a percent-y 
age of the combined volumes of soil solids and moisture , the 
compaction curve, thus drawn could be a series of straight 
lines,.which intersect; in three distinct points as illustrated 
in Fig.28c. These points were called the hydration limit, 
the lubrication limit //and the/ swell limit, A- fourth point, / /  
suggested by the'same investigator, was the saturation limit 
which resulted from the intersection of the compaction curve 
and the zero air voids line. : ; . . a A/;' A- A/AA* y
Ay in an endeavour to Investigate the, above-mentioned limits, 
and to find out the effect of; the different rammers used in they, 
present work on them, the author applied the same suggestion. 
However, it is suggested to express the moisture content as a 
percentage of the total Volume: of the cpmpacted soil, so that! 
at any density the difference “between t he set of lines comprising 
the compaction curve and the zero air line will give the 
percentage of air voids of total volumeA The moisture content 
so defined will be called the volumetric moisture content.
The ;cuves so plotted, y(Figs. 46-65) , show that the compactionA 
curves never meet the zero air voids line for any of the three 
different rammers used. Furthermore, none of the plotted 
lines; indicate that the air .content was.-constant in any stage 
of the compaction process. Consequently, Hogentogler1s assump­
tion /that swell/.and saturation stages take place./ during compact- 
ion cannot be justified and are omitted;hereafter.
■ . However,/the same curves show that there is a moisture -
cpxitent at /which-;; the ^minimum/ ;air/voids/tsyeabte 
'iouian;coit4)actiVe effort • $ ; - 7/77VI■ /7//y / ‘
a) ./Hydration hirnit. : i/yy./y--y/ ; ; _/-/7/'■;//^ '^/-^,-y 
v.-i'////.x^  this. 1 imi t for they/
different. heights ./of/drop7Pf7yhe;' 
illus t r a t ive /e xample,,"
considered. . 1
for the first increase in the height of drop; then it , J
decreases for theythree; sue ce ss ive • f
drop7 and findlly; ft/ fncreasps/ for/the/iast
the height of ^ i^;|y/7phe/:e ame/fs/iioticed> when the d iamb ter //
bf/yhey#tr:i]&
ihcohsistsht^ nature ypfxthe re’sudta/ir^ 
uhcertaintjnivi^th which /this7ldmit;/is/gdnpfal
Hpwever y rammer are more conststeniy/
and indica te'/ia; tendency .*7 of
with the Increase In/the he ight; .of drop * / / 7/v • M / 7 © *'
_ ;'7y77?dhie. ;9/ehqws alsoi.that' the density :at//the'./j^ drht'f 
limit increases .with the : increase t in thehaight of drop: bf7/fchec 
same; %ammerv//; / Coinpar ing hetwe en/tha/densities 'for';:the/sanM'l© 
height of ;drop of .the different rammers, it can be seen that 1 
the, density is almost higher fofc the rammer whiH  ch/exerts
higher for
andl/ff'
2 in., which in turn are higher than densities obtained by 
applying ''the.- 8-. 25 lb.' and 2 ^  in.7 rammer, 7 r, ' 7  7  7;: ; 7  *
. Hydration Limit and Cprresp^ Densities 
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b ) Lubrication Limit. „ *
Since the lubrication limit is the optimum moisture < 
content expres sed in volumes'{$|Ki;4©U'
the iatter has already been disbussedy there is no need for
.4/:;M::;';;^Hp^^er>: it^shp^ld be, noted that the compaction curves, 
drawn as,> suggested by Hogentogler ifx%, could not be used to ' . 
determine'the-lubricettion: iimit, 'afld ;doh^
;/ - density,, be cause of the uncertainty with which the-two .lines y; y
**'v  ,  v 4 W - Y *  'v- A v> * , ,  • ,*•'», \  - * ,  ••"•' -VAy*  3 "A ' A A  A  A . - v i ’ A  ’ i *■• ~ • '■ A? ' A ,  . A  ■ / i . >,vV0‘° ?  ‘.r , A ' A - f' . A  V A A  «- • /-Ay A ’ ;  . • V  •/ A  . A k v P  Y k  / Y  .• / . ;  - AV •’. V • *'■ Av '-As %?’■ A,/ ’A A', ■' *VA -s • .<A ■>* =' A* «. ’’ *“’-A* / . * Ss r <V A •  ^/ «/:. ' *.'*/*’  ^ A'-'A :\AA ; <•5 > C' ; • .7 A • 4 " A"., A'A / ",
defining this'limit1 intersect. In contrast, the optimums. 0*< ' 
vs /krrioksture^ /cbhtbhtvand^^ maxlimm^/kensity/can/te
> •'. . try ' * • A*lA * ' • fV '  v r .V A ' iV/. i -  A  •, A  A v /* ' V V y  * v .  * **• *V»‘ 1 V v* ’; *'.*V'AV AY Ay- /  A • 1 • / " v  • ••.V +','•*! A* A' * w ;  '^Y , ♦ I * * -  ^  . ’**A A 'A  ' •{ 'A--> . i \ . ; t  A;*
/ . a minute error from the typical compaction curve, in which yAv
v' . '  *./Vt y  A.** f - ' k  X / / { ,  VZv‘;V£/ '**' ’ ’• ' 'A  ■' ^ “ 3 >A v'A '- k  * / j  /jA-'V///?;/. •. / / ’A ' / '  '/.*A  A / A ,  A.^k'V;-vk 1/
. - 4 the^density' is plotted against the moisture content per cent ||§g
% YYy/ AA-'AAA; Av/AVy A;/AA'3rA::/'/V-kvTA/v:of dry weight. For this reason the points indicating theV , •. / AfA.ssc. -„y» //■ - //// A/y v'A5.vv*>?>' v.yTv/'-‘vvf/V'1-' '/// '.v ;, ■-’/ A ”• ;-. •-<v.-y Ayv>; :■ ■ • / / . ■ ; g.*» •<. v-vy-//v/v-:-/v/yy -fx;: A; Av lubrication 1 imit ; in FigsA 46-65. rare; lnferred;:-from;':theAAA;'Avv:jA.Avr;vA-
a‘‘ ’* ' t i v *'4 ':l{ / /rAk, /'^ A A A '’AryyA/- c/;:'/’ 'Mlnirodm Air /Voids ^ Limit ' ( Vo 1. j/vAAjffty
Ai^koonten^rrb^nlite in the air voids, under the k;V
'  ^ ' » - * i t f ' n  f ,  ,,
k^A/;;;SameH'kcOTdo^ i^ kyk?^ b^ t</[A:;Fi;gs;A(/5;3AA:59:,;36^ ^^ ^
:♦ * s .'. ‘ ' \ir  ^v» *Avi ' 'Aif *.-+ A J-/**■ v • . . ',' * A .V 'A ’ -• '» A/ . t A*A AV*V' » ' -V*” •j-A.A-’A *.*. '-v- ’V'^A'/' y .•; •* •■ -A* -AA ;V, . ' -A.? •>•" - yA.:.>■ ;•/“ ‘A V v 2:;yA-A*f**AA/\*•a^ v.a r * A . ‘V;*r /'• » . a.-.-A ; ^:':a' v*A' v>y / A*:’*• ^ 'v*. -/*•'.;A ? * * * ' A/.; A 5 /limit decreases with the increase/ in the height of drop of thev
/ / V ' * i, AA! . : A / ‘ * , / * AA A- ^ sarne /rammery - when • / the, cprr espbkding dehsi ty v: ihcreasesi vA7? liy-AAv AA
, %  ^ ' V ‘ , . , !4 ' * J 4 t ' r ' , , ‘ ' 'v/v? A the 8.25 .lb. and; ■ 2: in. rammer^^ is Considered Aak; ah illustrative /“  ,J-,\ :: /■; ‘ r- .‘.--Vv • :. • •, y ‘: v'v-/ . !;>■%■ .* “• ■ \-v .;">rvvi;'i y 'vV v  .-f C -v.,:--'’v ‘ •>"'-• - v , y  •«•-'.•'.••...<• :• ■y .• , * ' | * ► > \ t - I < ' * •
.example, it can be seen from Table 10 that as the height of\>A/A
A A 1' ,  • . , •,.?.,; *\ - .. ♦ , ‘ : * :•*,; -•• - y f »  « .;. . y .  .y ' / . A  A. At •*,•*.. * * A C A *<'“ v.*7 . A ‘VV * *'?•< • • - A A -4/ t  Jv ’ A - *. A c / . A  • . A.- • 3 ‘.t' V  ■
, yV/ f ;•* ’7, * A.-' A*.  A ■ '+.-'vA v *, V-j-• A^'V'A* i.’tf* C*'!* 'AA'A A .• •/AA’.y’-V •/.*. V^*x.^ /-AVA'’. ■ A'-'xA1- - .A* • “J*. A/V.vA * '.'><}*; ■; A*,V A/j A/? •r / *,<./*. A^ v^r>k*T?V i’A A*. • drop increases from 6 in. to 9 in., the minimum air voids limitW w  - . ■ ,  *,* ■;•,"/• * > ■ '."v*•/.*A.yj■.■'* >:»,'• A.yy/■•’ «■*./%<';. •*. /* AVA4. 'J*,wA*- :V * i■ >■ 'V.y'!,s'’;’'‘/ v , ? : ‘t
from l7V25$: to l6.9$,Awhen^ t density ;^
. •«, - - A’* y. t - ; ■' * - - - ' y '  - , ’ >
; increases from 134.23 lb/cu.ft. tvO:135.5 lb/cu.ft.1 This sameyy /i( 5, v , v ' , + >, r- ;:' ■  ^y *
•-V; A / general all bther/ rakm^
°f the above-mentioned I|v
'■ ■'■ AvA/'VAAv/^ V/A/^ A/AA* ''-A'A/vz/a///-/■ A%AAA" / fv. A:'y-'r AA;AA’Av/A//A’Av Av/AAAAA///: A v A/AAA’I^AA'A/Va 
A:/?/:;^ kdracter^^^ may/be--; ind'ic,ated;/by'/the/':rdq/u£kbmck^
/>/Soil; /mechanics problenis/ to/ produce; compacted soil Which^hhsS / A a/
'- Arthe /minimum/^ air voids/ and ban maintain^^a; particular 3^*<t ’ /, > 1 r * *' A * " ' ’ ' *. (/v
/ in the meantime. . ;
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EQUATIONS FOR THE RELATIONSHIP .BETWEEN DENSITY AND HEIGHTS Y V
. "ofe drop of /rMmer. / ky ■ • 333^/
It is the object of the present section to express , f 
briipirioal. equations f o r t h e  density 
ahd;: t ^ pf /drop, of /tte/ same raper/kt;/coiistani moisture
contents below the optimum, and at the optimum as well, for.-, 
the soil investigated# r ^
v^-A' D B  r*/i.20)/*)where DA designateb/the, density.:.
^  >3 is /plottedYagainst :(H)/:the
1
line 4 aimb'b tJ; .passes between/ the re suiting po ints. / //This ■ linkA/-’/ •//
ss^sedAin :tke f 6rm / ’ i w C3AfkjkXvYi*; ;
VV
. forytkb;knie:;mdistor e ■content'%pn/lbgaritiutic: * sc 
/ ;YL
can be expre sedA
'Y> W i ■/// :■ log (ds - 120) /;Vv^iog.:' $ p 0 § $ &
‘which in turn can be expressed in the following exponential *
/form y ■ | $ ' i s - \ i . , - / v
/ 1 ':.wharein:yC;//y;V*iO
-• v:; - qfe:1' A v d . b j a s s . .* "•yiflti;dbpendYbn/kkb^
;v :/Sk//:/vY/;3::;•:/' 'fed/iype/jQf / AA M  
: ;%rj^ chosen'to facilitate the * f-H&S \
, J plotting of the densities on a log.-scale.
fV '
mA!!/%be/vlogax? i t h ^ A;usedt-i;n3 t Hfs:; t hesis are logar ithms , ,, /3^3/ 
bhe base 10. ■ ■• -3
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final curves plotted on' ordinary scale* • • ‘ \ \
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EQUATIONS E OR ■ THE HE lAT I ON SHIP . BE TWEEN OPTIMUM 'MOISTURE K", 
CONTENT AND HEIGHT OE DROP OE RAMMER«.
• V When the optimum moisture content is drawn versus the 
height of drop of the same rammer (H) in inches on /log-scales, * 
a straight line almost passes between the resulting points, 
as indicated by Fig.73« The/equation of this straight line 
can be expressed as f ollows ;
log Wo = log C1 - C2 log. H
• .../.• V  or Wo = C1 .(H)"°2 . . .y . ■ - ; -y' ■ ■- .• Ay'V-A
wherein Wo » Optimum moisture content • . - ’ , •' ■' • Yk
H. ss Height of drop of rammer in inches 
‘ -- v' ^ ^2 Qo^stants which depend on the rammer- used*
The equations, inferred;for the rammers used in;the 
present ..inve si igat ion, are as follows A; . //A- •
A Wo A~ 9.016 x .. (4.3) For 8.25 lb & 2 in.Rammer
Wo « 10.15 x H“0,1808...(4 .4) " / 8.25 lh in.' " :
and Wo = 9.028 x h"0,1158. . .(4. 5) " 11 lh & 2 in. // .•" ;..
■ The curves for these equations are plotted in Fig.. 74.A 
From equations (4.3 - 4.5), the optimum..moisture content can 
be determined for any height of drop of any of the three rammers. 
However, it should be noted that the application of equations; • 
(4.2 - .4.5) is only confined to the soil investigated in • . A,
this work or any similar soil, under the conditions specified 
in the procedure of the tests. ••; A : ' ’ - .' / /' ; A
■ ■- , c 82 ^ .
' - . • • • ■ »  8 S-— ’ .
. V- /V : - OHAPffEK 5 ' i ’
■ . v DBTPHMIKATION OP MAXIMUM DENSITY- AMD"OPTIMUM j ■ ■ ■ / T"
MOISTURE COHTBMT OP SOILS. ■■ : -
FACTORS AFFECTING- 'MAXIMUM DENSITY OP COMPACTED SOILS* 1;
‘ 1) Energy Per Unit Area of R a m m e r .
It has been shown that the• maximum density of the soil-V; 
compacted in this investigation; firstly, increases: with the 
increase in the height of drop of the rammer of the same 
weight/and1 same striking area$ secondly,- it decreases with 
the increase in the striking-area for the sano height of drop 
. and. same weight' of rammer , and f inally, increases' with.; the .. 
increase in the weight of rammer for the same height of drop .// 
and same striking area. Fig.72 shows these characteristics 
which indicate that the maximum density is a function of the ;f 
. energy exerted per unit area of the rammer.. This character­
istic has-, been interpreted in the light of the new theory.; •
S) Number of Blows.
Work done by Campbell (15),, Hogentogler (15), and Yoder 
(49.), show that‘. the maximum density of a par ticular soil , ' ■
; compacted under the same conditionsdepends on the number of 
blows applied. This is quite anticipated, since increasing 
the number of blows-has -the effect of increasing the total 
, energy exerted, and thereby the same reasoning offered to . i. 
explain the effect of energy- on compacted soil can still be / 
applied.
3) Viscosity of1 Mixing Water. : •'
: Hogentogler (15), and Woods ; (24) , have found that the '/ /
maximum densnty increases with the increase in temperature 
'■of^theMixiAg'Wat^
to the decrease in its voscosity with the increase in temp~ 
erature1, and thereby increasing the lubrication power of 
wa^er.;:AAccord^ :mixing;.v^
eredv one of ^the factors;which influence the; maximum .densityir •
- ?.V;»'•;/ *.■ :‘- . f ’-JV' 0*1--A/ ‘ -:v ~ CA'C'-t A4) " vVolume of Gompac ted; Layer. . .A £A'--' A r'1AA3 A A A  A  >1 A A
TJsing\ two ;:mduldsj^ofdiffere^-voium^^ - applying ^ theAW
same; 'nurriber^Ofblows/per'::p.nit* volume ^ to compact the same soil-;
under the. 'same conditi6ns,/ Zeigler (36) , has indicated' that
the -maximum density was less for the. bigger mould than that
. f orthe smaller one. 7; £*' As;VfeJll• foeAOhpwnlaterA the. ■ maximum \&
.density, does: not-increase/ linearly with the increase.; in' the ' •
number of blows , but., according. to power func ti on. Accordingly,
of blows in direct proportion with the
volume ^  will. not giyb;:thei:^
should be considered as a'.: J' ," • ;x; • *-> - *. ; ./4 . A ' 1 • '■ * $■ ;•/ /.* - ».,•,■ "*' 'vi/ ‘ 'A- v * A • r* 4 ■ X »;■*-’ * s-V -> i \ -V'"’- it,. ,* >•'V
s e p a r a t e ' J , f a c t t h e  maximum density when other;
■factors/;are\constaht.A'. 3Ay -.1 :'/-v3- A;
5 ) AA Type of. Soil. >>•“ v ; 1 1": A - *-j
Since; the - earliest: time of the cphceptlon;bf - the3.compact A 
ion: theory, it has :beeh;f^ the maximum - density
is .greater for the coarser types of soil, e.g..sandy soil, and 
lower for the finer types, e.g. clayey and silty soils 
Terzaghi; ( 5 ) suggests to. ii^.c the’ effective, size; D^q and unif ormity 
co§ff icient , to: expiress the grain size , oharactoribti-ch
' / • ‘' • ' ' A r  * * *'< /  .-> ’V* \  ^  1 5- *-> *' 1  J  ; $ ;< y A ' ■ A t  v '* -  ' A ' - "  •' ' / *  t ' * 3 -  ? '*  f . ' I  •, J o l t  f J} • • V j  .  >•'
Of ;ya-r bpil^3where D10 and are the particle diameters at ■ 105?
and 60^ finer than those diameters respectively. It is
suggested that an average diameter of dgg, dQQ, ^60 9
d^o? d^Q and d^Q inferred from the mechanical analysis curve 
may he more representative to. the type of soil and could he. 
considered as a dominant factor affecting the maximum density. 
Such an average can he computed 'by adding dgQ, d^g,. d^g> dgg, 
dgg, d^g and d^g, and dividing the result by 7. &90? ^8Q ?
dyg... etc.., correspond to the; diameters at 90$>, 80%9 *70%. 
etc. , finer than; the -specified diameters.
Since if is difficult to determine diameters smaller 
than dgg ;for some . soils, finerfsoils in particular, and/it is' 
the ,object of the present investigation to find an average 
diameter which can b e determined easily for all ‘.types of: soil, 
all ■diameters5;-smaller*?-than dgg/are' omitted• Furthermore, 
dfog was found to be ineffective on the maximum density and 
thereby it is also omitted. The.averagediameter referred/to 
hereafter, is designated (d), otherwise, specified.
The density of the soil particles ( ? s ) differs from one 
soil to another, and therefore it should be considered one of 
the factors affecting the maximum density of compacted soils.
GENERAL EQUATION FOR THE DETERMINE ION OF -.MAXIMUM DENSITY 
OF SOILS* ■; • ' .//''• .’•••■ . ; : - l i p  \
From the." foregoing discussions, it is ; justified to assume
that the. following are- the only factors affecting; the maximum
density (D max.) of compacted soils. • ;l.v;
1) Energy exerted per unit area of rammer per blow.
.• . b • • E =: ... dimensionally
■ ‘ vV- • ’ T • iib " •• *’ \ ’•
2) Number of blows -. . N , . dimens i onl ess
3) Viscosity of mixing wafer = |jj? **. -dimensionally
L it
tt
it
4 ) Acceleration of gravity g = ...
• .. * - b. • T ■ 3 ,5) Volume of compacted layer V = L ...
6) Average diameter of soil d '=*• L ...
...particles ; •" :• •
7) Density of soil particles ~  ... *? /
r' .v « ' 1 ' S.* ► .  ^ " ' '' ' *’
According to the If- Theorem any physical phenomenon 
can be completely represented by an equation, .analytically 
or empirically determined, of the form : ■ //.
F (Q^, Qg, Qg . . . Qn ) ss 0 in which the. various,
Q fs,/nVin number, represent a'.physical measurable quantity.I/
; Applying this theory we get 
b, . ■ 0 (E> V, A  , g, B^max, ) ~ 0 - • ■. .(5. Ip/-
As (N), the number of blows, is not a physical measur­
able quantity, . it will be omitted in /.the dimensional/analysis', ; 
and introduced later. V-.
The seven physical quantities of equation (5.1) can be* 
expressed dimensionally in’ terms of the three fundamental 
units, i.e. mass M, length L, and time T„ Therefore it
would be possible to form four, dimensionless groups T p  Tip 
tt3V :f4'r in which; each yi'ls essentially a combination - of 
four of the original, seven quantities in equation (5.1), and 
thereby this equation can be written in the form :
:; - .0 .( Tfyi ,TTg 9 H g 9 IT^ ) — Q : - ‘ • •• (5«2 )
As Bginax. can be visualised to be one of the dimen-
•. • - > • ■ ^ . • ■ . ; . v - •signless groups, .it is .left to determine the three other .1
groups
■ ■ a  b  c  ..Talcing TTg ■..= ( \ s ) (g ) (V ) E
a b
L
a M° L° T°
T 2 ... dimensionally
' a ,+ 1 = 0
-3a + b > 3 c.« 0
—2b — 2 = 0
for M . 
for L 
for T
Solving these three equations
a,
b
c
tt2
-1
-1
n .“1 -1 \ -f
( b )  U.) (V) E>s
E
g V3
Taking -^ g n al bl cl 
d s  ) (g ) ( V ) I
= ( ML
al . t bl 
.1
Cl M
LT , dimensionally
~  8 8  -
al + 1 ss 0 ... for M
-3a^+ h1+3cr  1 =• Or-H•••O L
i g* H- 1 H- = 0 ... for T
Solving these equations
ai ss - 1
= 1“ 2
ci = 1~ 2
n 3 = (\s r 1 ( g p (  v r  ^
yu.
Taking TT4 =2. ( ? 3 )a s ( S ? 2 (V)°2 a
= , M a2 , L ?2 ( l 3) T^ ( L3 ) 2
=
OOO
a2 = 0 ... for M
-2bg = 0 ... for T
-3ag+hg+3Cg+l = 0 ... for L
Solving these equations
b2 = 0
. °2 = 1“ 3
t t 4 =
r, 0 0 “i
(S3) (8) (V ) d
L ... dimensionality
■ 3 / T
Substituting the four dimensionless groups in equation (5.2) 
and introducing the number of "blows N we get :
0 (Hagan  » -  E g , , _i± _  > ^ 4 =  » N ) = 0 (5-3)
Ss C 7 57  ^
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The following plottings on log-scales show linear 
relationship.
l) Dsmax- "6Q against E _ when all other variables
O g 9\ s x s
in equation (5.3) are kept constant?
The equation of the line can be written
Dsmax. -60 K , E
o ~ 1 ' — — ---g—  )
\s g \ s v3
from the writer's work.
on Dca-max. -60 yOc2)--------------against q— when all other variables
l S
in equation (5.3) are kept constant.
The equation of the line can be written
V * * -  ~6° . * / ^  s P
\ s = 8
from Hogentogler* s work.
.  D max. -60 ,
3) — — ------  against -y— r when the other variables in
equation (5.3) are kept constant.
The equation of the line can be written
Dsmax’-6Q „ ,_JL ^= K, ( ^ = r )
from Maclean's and Davis's work,
D max.-604) — ~-----  against N
>s
The equation of the line can be written
D max-60 i
  = K4 (N)
\s
Consequently, equation (5,3), can be written in the form :
D max.-60 E K  A . 3   ^ V  ^
— ------  = K x ( 2 f' x (— — —  ) x ( x(n) .. .(5.4)
V 3 «V.Tl V a ^  3Vv
wherein K, K , & ^ = constants.
Determination of Exponent tX .
In the present work, the energy per unit area E was 
altered by using different rammers of different weights and 
different striking areas, falling through different heights, 
Other factors, i.e. V,yU., and d, were kept constant
during the different series of tests. When P^^.-60
tp ^ splotted against  tt 2 on log-scales, a straight line can
S v5
pass "between the resulting points, and can he expressed in
the following form as can he seen in Pig.75.
D max.-60
log -a—   = log 0.3928 + 0.04 log ( —   a) ...(5.5)
<?S ^
Equation (5.5) can he written in the form:
D max.-60 g 0.04
-2— ----  = 0.39S8 (— -- z)
9s g ^ s V3
■p 0.04or Dgmax. = 0.3928 (--*■ ■ y V  x + 60 ...(5.6)
1 s>
The curve for equation (5.6) is plotted with the experi­
mental results in Pig.76.
Determination of Exponent -ft .
Tahle 12 is inferred from a paper, published hy Hogen- 
togler (15), in which the compaction test was carried out 
on three different soils, under identical conditions with the
- 90 -
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/ exception.of 'Qhahging fhp /temperature, of the mixing watery/:' //'..
! and d , were; cons taht for
/ Heheevthe only variable ;was: the temperature/ a]i.d ,thereby^ the h 0
- ■ /yiscb.sii^b.o^ %&)%■:00.P ’:bifbbbbp‘ \
;,TABLE N0. 12.
Var I atiori-- >///#^ //-, / •
b. -bbV^ P>* bS/Py •: •’ v 1/ f:
V max .•' lb/cu.fti b ,/b *S- f;s ■.■’ /r./• & r V/: ■
Arling­ton//; -Ired-
(Dv max. -60) lb/cu.fti//
. y  S *  / , / '  - *•;.. < # ' i , / .  /  . \ b \  . .  ;> , / / - £ !  v  -
Arlihgr Ired- Red?■;
100 o 2
lOfVl.
102.5
I 4 : 9 .2  0
0 O 0 M
i&gbby.
40.2 :
;4f:.p/
:42v5/:
b49>2/b 
; 51.1 // 
^B2.8‘ ?
Temper-
:°f ///•'/
bb;f5bbp
biiBrPb
Viscosity ;: 
ti sec(
11.39xl0“4 . 
6.16 x. lO"-4/ 
3.95 x 10~4 -
Y s is constant for the same soil, and V was’.kept . > 
;; constant t h ¥ b £ ^ ^ ^  qV§^ can be omitted ; 
wlthppaf^Qfihg 5 Accordingly, the/writer"/b b 
-plotted' (Dgmax.-60) against /a. for the*.three soils.-on log- 
: scales. /'The result was the following-straight lines as.ded- t - 
, ''ueepfnpm;Eig..-77.7;/:bp’>b/bb 0 0 7 0 ^ 0 0 0 P I P 00000:'
• /ZbLpg(Domax.:-60) =/: ibg .28*24: b f .0514
and ; -1 f or: the:' I rede!i/soil
log (D max.-60.)..= log 34.81 - 9.0514 log/X- :;•/..(5.8)
'" : ‘b’b/b /K " v b b ; b ; P b r 0000\^::$he :;Arii:i^/:b / b-b- bbbZ/t-.bbf*- •: ' '/’b&/Red, 'Clay' ■
,b'bb/l?Wptieho;/(bb7) :and .(5> 8.) •■can^be/wri tien/suc^ /
as follows lb/;/ y b // ‘ ; ,; \* ; /'. :'/ 0 0 0 0 0 0 0 0 :  / ^ 0 0 0 0 '
’ ! 5 ; ...(5.9)
- :b :’/ - -0.0514 :X) max. = 28.24 (m ) bbt *b 60
S-  .' - v. . p / k  x-.- ? . : 'M.-./'.l
■ - - . -0.0514 .. v V
*, ‘ 1 rVj. '  ... ,’ W *  ', * ;- ,’- -. <' '••.'^ ,' •' .' .- j£ i K^f •*.* * • -^  »^-r .,ii-‘-V *' .-« y. '■ **4. ”  <f\>.irsV ? V- ’( J  / V * ’ i ", J  •>, v ’ _ V\V- \ "  ■' 1 I  \  ■'•*. ' *'., **' ’■^X- - " ^"v - '  ■
; ~ • il*;;> | The newpqua tio^ an:d(;5;.10)^  ; p lotted in PIgv78
show tha,t'.the‘ex:ppiierit( ^  is tho same for the three soils * 9.;/' 
i nve st i gate d, - s o ; ^ ^ o  ? b o rt3±cl.ex» the df- 
figure 0.0514 deduced for J$\the same for all types of'soils. *
-Betomlnatlor of Exponent ¥  . ; • ‘ V  . ,
The .density of the soil .particles. ^ g, which appears
in the three fist dimensionless< groups of equation (5.4), ~
Y : , 3 D ' ^ i n g S K ' ;• /•#
\j\V'
, ’" ' f  £ 1
thelVaria^^ diameterYfisoil';■ d»Accordingly^
it: ±s.:-es:sehtihl'Yd deiefmineVthecexponent-
‘the three above-mentioned | H 
groups, i.e. 1 - X< - JP , which gives 1.0114.
: „$^ -ie;.:i£v8t’s?.vinf err ed from investigations, carried out 1 
by Maclean. ;6.Ql : :
of soil were compacted under the same conditionsi. e. ' E , ~ V ,-/
S P V > * : : . y '
V  r (Dl]tax.>-60v';u YvY .• ' i d ■/■- • 'f-fk0' /:? '&
'•■ * ';Y. ^ Wheh is plotted against ; ' oh :log-^,^y|y-
shales, a s tralght liue; almost passes between•'>the
points;, as; can b.e- seep In Fig^79t.;., The equ&tioh of this straight
line c*an be expressed as follows : ,
D max.-60
-;;i'9&Yv £y 1 '■ 0114 ' ;=s'‘ ■ 0.515 4*. 0.0922 log t* pi.; ?”'r ; •■;
■ '. ;'.. ■• ^  1.0114 = °’516 ^ F =  ||p
' V V ? l
t  ‘   ^ .* 9 5  r . /  1 '  '  ; ; y "
...ii. oiiiAH0.0922 YY • 3U0114
or D^ ihax, £;» 0; 5i5\^.(^r!ir)^/r^r / ■■ •; " y •: =>*. .•*? ;V '*
fc;y I-.--' 0;:/^ g^fca":No  r .. .. . _
D.J. Maclean Results , • ^^EVH.Davas Resuit^Y;y
a Type of ; ■ '
;•. --Soil ’■'•:
D max.: 
lb/c.f, sp. gr.Y; '• V* 7'. m.m. JV'V-Y‘ *r$ r •>-• ■
f^ype; bf;Y:t>y>: 
'yySoii>::-;:_.:y;.;;;i;
D^max.‘ S
Ib/c.f
;v^.;
;sp|.^ %
cl |l5 
m.m.;'1y; K ^f,*.j ,'*•» - v v
•SandvYppYp •; 122 • 0.626 ;Heavy ;-Clayy 2.76 >;
*;.•. v y‘A
0.00918
Sandy Olay 2,70 0.067 ;Sandy ; CldyY W * j :0 2.67 :0 ; 0403 •'
Heavy Clay;' m s -'?; C.0116 Silty Sand 11 7-Yy Y 2.62 0 .'6046%
Gravel- y'; P: 
Sand-Clay .: Coarse Saird 125'\|;i 2.70 | 0.704 ja IV Y *.
.Sand,- ;l2i;ly^ 2Y7pV)' 0.826 .
Sandy-.;..
; ; ;Gravel :Y -’ ;129yvy| 3.516 -
Sandy Ql^ iyy*f0p$fk '2'rfO^ fu02P72& ■;. _ v;:' . ■ .; -•; • l"; ’; ;’-j.'CXt/-’ if
.Silty Clay;. •;104;;yv ;^69.(Cy 0.03,05 .y-“;\yYY:4* . =X'K> -Y w
Heavy Clay .97 ; %.y 0.00505 IS3
at-; These .Specif ici-Orayi;bies were sent to the' author by- •', .* ^
7:; 5 ;; courtesy of Mr Madesan^YYY V -t ,V -V •“ »• ;Y v
/£ d - is calculated for the above soils as eshown iri Appendix. 2.> V... s^'"1; 1'V v ;• V .' .!'■./,'? ..,« ■■*„ ■ . ? r #- j -A 1;' + .^' ;\v.' ’ 5'vV?-l-■:,■? >  Vv . ■f-;s -a ; , >-.V-yv! ’ •■
Determinati on-'of.yExponeni
**S v ' '  * , v
'/*.;•, .: ..^ogentpgler (5) ? and; Yoder (49), compacted ^  ,yj
. different soilsi *&nder the same conditions <, hut altered the-a^^by'
. V'it #o £ - o©i;;^>v V:9 d and were' honstant^^/^^/^
; for aypart iculor, soliv::J^”Tafe Jf^ yy,
';Sihce the y only variablesy ar e;yp^maxf / and N:yf or the samey soi^vk^i-'';«4 
/these.-.-variables .are 'plotted on log~scales’>f or different soils  ^
in Fig,80. ■* ’ . * *• * -1 , . ; v »; .»v / . *
A‘ ;» V  8 ■'. , v v  ■
;.-3 . ts.--*'.. ■’*'
: TABLE,.No. 15. • '
Variation of Maximum Density with Number of Blows.
Hogentogler1s 
Result s..
Campbell* s 
. Results.
Yoder?s Results .v;; 
(1947S)
No, of 
Blows
; D^max. ■ i. 
lb/cu.ft.
- No. of- 
Blows
' P smaXo v 
lb/cu.ft,
No. of - 
Blows
DQmax.
lb/cu.ft.
30 97.85 15 100.0 , • 15 ; 88.0 .7.,;’;
45 99.7 / ‘ 30 105.4 45 / 97.8
60 . 100.4 45 .108.0 135 106.4 .
75 103.5 60 110.0 270; . 110.0
90 - 104.3 75 .. 111.5 • • * '  v'fV.
4 ’ /
. 105 : 105.6 •
; Yoder *s Results 
(1948S)
Yoder ’ sResults . 
(l945S)
r :Yodef? siResuits 
(19468)
No., of 
Blows
D max.
; , . S' ■ib/cu.ft..
No. of. 
•’ Blows
D max. s
. Ib/cu.ft.
No;.,. of 
.Blows; ; D max. lb/cu .  f t v /;
15 108.0 15 99.5 15 91,2
45 115.2 45 106.2 45 95
135 120.6 / 135 .'•114.5. • 135 .102.5 .7-^
270 .122.0 270 117.2 > 270 104.8
;-V be;seen. that, straight lilies can pass betweenthey
Ye suiting points 'and. can.be expre ssed as- ;f oilows; : ' YYSiY 'i
log (Dgmax.~60) = A^ + ^ 0.1493 log N , . . . .  . . .Campbell,
; ; *-/lbg (.D^naxI4*60) }  Y . Ag 0 .i ‘705 . log $T .. . : Yoder(1947S)
log (Dgmax.-60) = A^ & 0.0977 log N . . . . .  Yoder (1948S)
•' ipgr;(D^max. r 60;).. ‘ V== 0 ; i i508 Yog::N PViYYoder (1945S ):;i rv,. •. YX.fN' y*. \ 8' Y Y i* * > %.vH\ .*'/ * ,-^fe* .-’{C* * *>'£] ? v*’ - *V;*4 •'■-.• .'Vi.-"' Tr.^.Yv ’- ' ^ v" •/ i.!*- ^ piV e-i ■. v v’ ^ ^ ’
log (Dgmax.-60) = Ag + 0.1500 log N . . . . .  Yoder(l946S)
log (Dgmax.~60) = A^ + 0.1514 log N . . . . .  Hogentogler.
: i/pThese2equations can be written as; follows 
,;V 'Bpdax,;::: i*)0- v : ' :;
rM ^ i l (5.-13)
. I Dsmax. = C4 (K )0-1508 + 60 y . Y Y Y l f  1 1 5 ®
■ ' ; ; j E q u a t i o n s  (5.12) to (5 .17) show that the exponent o is
: for;YomiYqfi^th i i s  .tested:'by -different; ^
•investigators. However, one of* the exponents for the other 
two so ils ,; i s higher - than- the ayei’aga -for 'the four so ils ,>Va 
the* other is  lower. • Accordingly, • it  may be  ^reas onabls ’
laihed - Is  0. 145.P " y:Y ;;:iY  ;
Determinat ion .‘of f; the constant; K.; ?/’:;,.A:P;I Y ;
■ ,\ ■. Substituting the valpos obtained heretofore for the 
different exponents yin;i e q ^ t  ton X:5.4) Y  Y go tlj Yp Y -S; Y
D max.-60 / 4':-’/; W? 0.04 0.0514 •£. /Ov09S2440/145sfi>:
: ,\s. ;y,'v.; V s .Vs - A i p F
0.04 \lViv 0.0514 i 0.0922 0.14-5
V.- ■ / 7  7  -7 -7 7 ' : 7 7 7 - ' *  (*a>:+6 0 7 7 ; :7 7 ^ 7 7 ^ 7  ■ ■ . . . . 7 ( 5 . 1 8 )
-’■ Prom equation. ( 5'.6)k4A77i!V!;-r'-;...; ' ’ o  ;vv'i77-s77'
• ■/. 7 - 7 ’•:•■ ’. ' - • E 0.04 , "' ' 7 7 ' 7 7 7 v . / 7 7 7 :. ■ ’D0 max. ;-4=.,'•O’. 3928 t’g W i $ ) i  ;; x ■/ 0  + 6 0 : ■ ... ... (.5.6)
; *"••• » 7 / \ \y  - «• - '. | S?'” 7 7 ’ ’ s'., '* " 7 * > „7 / • * * ■“ 4. *'■* 7 * •* v \ j 7 "•"7 • ’ ^  .
; Sliould^bquations(^v6^  ; give > the same maximum
density 0#0514 0#09gs
0.3920 = 7 7 7  ( ) ■ x (I
For: the soil .investigated - ■; 77V&'. vv-%7' 7 ’/,7 -7 >/ 
x <| ■ ’ = 166.23 - lb/cu. ft.. v;' / :- ^ v777,c
, V -,77s 712„56 cufin. > ;>• '7 77: • 7 „/r' /?':;//
7 7 7 7 ^ 7;77;v7;4;: 7 /
-/V;g-/.:"-=r- 32.18 ft./see.® . ..///. 7 7 7 7  7-;.’/
A  = 7.315 x 10-4 lb/ft.sec.
// 7 d 7,7--- .1751- mm. > %:.:>■< 7 '[ >A/ ■ "■ 7 \7'"7 v 7.>>/7 :• 
•77 / /=/;.5.946- x 1072in.. , v,/ 7'77'7':|777
7' ' K; A=\;'i25/;/ 7 ’;''/'7; 7 ' 7  -7
? .7; Accordingly ,• ;: : 7 7 7 7^/^*-7 ' ’; 77/
, s\/gV.-0.0514 a 0.0922. -
(--.7"- ) V x ( T “  ) XV- (N) / V - 4 •>„,■ = 2.609
as The values of V ? /a and d are. calculated *as shown
in Appendix 2, , > t ” 7 ' t ,' '
 ^,<■; • ; phsequent ly Y a j 1 the constant spin Ipqyaat ion ;:p5«4)h 
Ybeen determined and .the .f inal, .equation ;can*:fcb:;writ1eny 
follows '5 ; ‘ - r <Y r
-^.^ rav >'J -f-''- '■:
Y-/M-ftY/ yyy’ yf ■/. / Y; Y Y Y  Y vf <' -1  Y- ” ?iv: Y 5- A :!
''Justification- of bin %5 Y’&O'jY. &'$-k- Y¥ <^ Y'^ :X^ ;Y;Y Y Y
Y y - In an endeavour to find out the accuracy of equation 
: (5Vj$;)YYderived heretoforey: the' huthor calculated ;the maximum 
ydensity f dr is oils" investigated: by ‘Maclean
(40.) and Davis ;: (,50 )»'; ,-! The;" calculat ed and; ei£per imentaiymluesYY
kfor .these soils are rgivep; ih: Tab ley16. : ;/ The fact that about 
7^% of the • soils te’ate&YaiP&y’pfe 
less than i 5%
$  'I < ' f  v l v * i  *» 'v 4* Y l Y Y  •, v 1' Y  *- ■.’* Jf'V, YY YYYv - ' ’
assumption on
-Y !&?4 asx can be; seeh/lh- .Tab le ’: 17 V jusjtif ies t he Y  Y Y:Y
soils with 8% . and :5.5% errors, are .heavy clays Y . and•;.suchVa -high■ 
-error-: isy^ite- possibjey in; perf owning/their
tmfe^evtnbrej^eafediihYt little excess soily to^beYYY:
‘1 -\ * .0 «# v. ;  t..;< •“ ; - '  v /_ , ... '•: -I* ; '-  rt>
noted thatystfuPkyoff hs.; noted: by/: Maclean 
further;systematib p tests V af eYrecjuir edy tp Yonf irm. the ..different 
exppnents deduced; for e^ht-ionY(5.19)
di s tr ibut i on,and spec ifip gravity't pst s ^re usually performed ■ 
in y tlie jab prat dry;; f dr all sp i Is yinye sti gated ;yfe or': compact i oh«jyY 
SincY/bther f a c t o r s r s y h 5 a u ^ ^ 4 | ^  
are usually yfixed/foyypbtain they-rnaxiirrum density 
soil, this, equation will render a great service;to-predict'- such, 
density within an error/of about ± 5%; thus saving time^and\ Y
« '  4 1 '  S **" 9 8  ‘ ’ r  ,
\ labour encountered in the performance of the exhaustive 
':■*£ ^ ppmp^ti’Q n / ':-2^ maximum density can he "if"
' computed for different energies $ different, sizesof mouldyffSJp • 
different ’ number of blows* 'and difforent’ temperatures of..i ;
■i mixing water *• for/comparable purposes. Hence the maximum'. -
•: -density can 'be ychosen/to/suit;l^e'vcbhdiifons/ under which
'tf; certain /soil'/ shbuld Vbe. compacted ih/the/ f i e I
;V’: /Qbr^ Cprnputed' /anci/Experiment
•rwmamtfKm* wmtmfm ■. ■w*
v Mac lean/. ■ ' ' ' f “V \> t / j V.' M- >
;;;.-'pj^V^v*-
,E cH;/. Davis ft.v*’*'%'f‘y'* V?-^ a-;* ■* V
Dimax.,; ;ib/cu, ft,iiB• 0\-sy,v/•■■■'i.- '• l..-'*• • « •'*. •*/* “ $ age ;;/Domax:, \ ilh^cuvf t^ /p/ > : ^ age.’. *.k. * \V%' y'} m ,fl •. difference.y J f r. < • difference
Computed ^Experi­
mental-, / * Comput ed • Experi-  ^mental i
123.27> ^i22::^i>;/' + 1,04 :104.80i;:/
*\: T 'ri ™
;’v:^Myy,A
112>48v/i‘ 108.57 3.06-;:i
103 /' :I;>'t//2t34//i/;^.;-■/ /j; v 24 *" s\*s • ;122;. 3;5 /',:if '^v*h:v,4.% 50/
135.:69;;i a, 125,, 19 K‘.?;^ Sl25Mi/ .+ Q, 15 /
126.16, -ii29^yy-; ;:[/^ ;3'*6/: •
,i!2V85i|^' 4 ‘W V;. ' •,:;:-115,vii^ i /\~ 1.87 : :>p /ii: -j;5" v/?;//
** •,%*« /,ie , i!-.•< /. . "•< '?
.108,63.;;:; -•;/:i04//yi/v 4,45', ;V ; • • :•/ 'isS^ K/;iV
102,34/
• p'; .' ■V " . 'W ‘ . ^ ' i’i
- . , - " ,  v ' ;  f ^  ■ • ■' '  P ;  . !- \ < . ^ i  '
rXu .&./L
f «■ p' >/ r >* f
' '■ . ' , - © 9  - . . • - - .’ • ■ ■*.- v ./ *'v >!“.*'■ & - v‘ * .<'■ V - y .«■?■ ■ '•■' ■•*•’•'* >.■■ >••■-%■■ ■-. y: v yy- ■-. y V'-’■ \'/ Vy-V v" ■ y  y  y  y  y''M:yyyy :^,y-y y f; yt:a m L &  ;nyy A ?yyyy y  y  ^
r *  i  * .v  • :  • t ;  y - . p -  * *V * ,• .. v ,  •; • ,  v* .y  • / .  v*  _. y . - v  v.;A':-  - ;  • . ^ y  y y p l  (l  ^ *» r, ;• y  s v  v ‘- h Y  - • ? /  •-. /  • £ :  **' - Y  /  • •* y  V '  * * *  * ;* * ' £ ? -v " •,•' Percentage of Soils of Maximum Density Greater or . - .1
■■ y V  v y y y ^ y y y - y y i y ^ y - i y v y y y m ^ ^ ' y i
v -. • '  * \  • '• ’* : .  4 - ••>,• y  *. * " » '  < , r ' - : V  ‘ * -4 ; * • - ? ’* . * v ««•;-. ,  y  * Y  * , , ■ . , * . •  y  . y  - r. . .  ( > | 7  • ' .  V "  , • ■ » . .  • t .  • - .  *•* • ,  1  ■...«Lower- than the Experiniental ’Maxiitnhn.!:. •', ■ 3>jv: - v’.;V 7 ••<.•3 7 V ‘>k
 __________    ;________ ______ :■:____________ ______ ._. ___________ _ ,_■_....__;_  —_...____ W y  - yy
y '
y
.H,
yy”
'•.y •vige of J^ age Difference in ; 
Maximum Dens ity, lb/cu, ft. Yy
—   .
" /•; •- yy-' i —  y.y.-:a -:,:-y_ — - . ; .y -
ySA 'My
' .y •' pi-j 5, ; y y;'y-y:.i■?•"-vy y > ■. v . ; * * v-yy ;j
% /y  ■ • , •■'-'I';'
"“ - 3 ■'=- yy-.y r’ - •.-• 'v--y
,'.; ,yy;-y ''y : + 5 ‘ • ;y /YpY Y  '
' = . . . .  -■' >  yr ‘
a«*—
'+,..2
+ ;f 1; 
<: " .>■ ;<yy   -
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:•••••• : MOlSTtJRE : Q OMENT. & ; %  "  t , ] >
Y Y ' Y y  ;Y: Oiie Vof tlie; main ,ob leetspcpYper forming the /pqmpa^
Y: - test in\ the, iabpratdry is--to determinez/thY;^
as well as the optimum moisture content, with which, a parti-.-', Y
Y  Y ■ ' : : cular soil could be compacted under certain conditions to
■ attain1 this maximum density. An,empirical‘equation for. the* Y-/Y;
determination of the optimum moisture content, applicable, «. Y  Y _ ’ 
y^i^inireh^ph^le accuracy, to all types of soil and for 
/Y Y ; Y;• different;;^ would save the time and labour encount- ' Y Y
Y v % b &  - inYtheperf omance bf. the ; c;briipac t j oh,. te s t s£; Y . H o we veh, : ■ it'"/;, %$;
/; Y-v- may; bpAhsededjo' bbeclYythe computed‘optimum by
Y  - " ,aoii with 2 ~ 3% moisture content higher and lower, than this
:,v v;optimm0 - , Y  rY ; 1 * Y  y Y Y ^ Y y y V
1 Y . .' f ■ - YY'- ;lhe ^'author has; not iced; ztha’tYthe lower j >’. ^';p£:
. ■ ■ moisture content, the higher the maximum density and vice
Y ; Yv;. versa,. regardless of . the type of soil or conditions of comp-
7‘, ■; ;;%• action, r■•Y;Tabip-';jg:|; quoted: from results;, ofydiffereni, inVestig^/YY7
ators, indicated this criterion very clearly,'and that there’; -'Y ■ 
should be a definite relationship between the optimum moistures <<~ 
Y ;’ - : ; content and corresponding maximum density. . .
YvY ’ > ' When the optimum moisture content Wo is plotted^ on an •/ -Y y;:Y
>.00 '»
-  ,>* •- ■
,:Y ’ so 11 s ; shown in; Tab le,;718Y /a-’ s tra ight linev; can:; be;;drawnto ; p>a ssY Y  Y . 1 
1Y. through thp resultih^ as can be seen in; Fig^81 YijYY. ^  Y  Y;/i
k » , v ; ' f f . - . - y ;  ■ ' ./ ' - V J - , j  ^V''' j^V'V?"i'{
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TABLE No.18 (Continued)/' " *v ' 
Optimum Moisture Content and Maximum Density 
for: Different Boils. : - ‘ :*
• • — 102 .
C.A. Hogentogler 
(1936) Different 
No. of Blows
D. J , Maclean( 1948) 
Different Soils
The. Present Work ' 
Diff. Energies. V
D max .s . Wo% /. D^max. Wp% -*i D-max. * s .: - Wo??- / n
lb/cu.
ft. Expl.
Cald,. lb/cu, 
ft. .
Expl. Cald. 'lb/cu.ft.
Expl. Cald.
97.85 20.8 23.2 . 122.0 13.0 12.0 ; 135.4 7.4 7.5
.99.7 20.1 22.1 116.0 15.0 14.3 ; 136.4 ' 7,1 7.2
100.4 , 19.3 21.7 ■ 10,3.0 22.0 20.3 > 137.1 6.9, 7.0
103.5 18.3 20.0 97,0 26.0 23.7 137.75 6.75 r 6 .8 " '’
104.3 , 18.0 19,6 104.0 21.0; 19.8 138 o 2 6.6 ; 6.7
105.7: ' 17 o 5 18 . 9 115.0 14.0 14.7 138.85 '6.5: 6.5'
E.H. Davis (1949) ’: 
Different: Soils' 1
121.0
129.0
11.0*
9.0
12.3
9.5
139 o 5 
134.15
6.35 
8.2
6.3
7.9
D max.'S',-' :
* 4 ' ' *VV U/0 ,
■s.. 1 • * * ■ 135.2 7.7: 7.6lb/cu.
ft. Expl.
Cald., ' ‘ ■ 1 . 136.45 7.5 7,2
97.0 ; 26.0 23.7 > •_ . 137.5 7.1 > 6 ; 9 ■ '*
112.0 16.0 14.3 138.2 ; 6.9 6.7
117.0 13.0 13.9 ; 'r' ‘ ;• 135.45 7.4 7.5 ;
125.0 10.0 10 . 9 *.•' • »\ 4- . 136.7 7.0" 7,1
129.0 ; 8.0 ,9.5 -
•
137.8 
139.5 V 
140,3
6.75
6.45
6.30
6 ,  8 .. ’ 
6.3 
>6.1;,
The .equation of this line can be expressed as follows •
Wo 105.71 - 52.3 log ,(Dgmax.-60) ,... (5.20)
' ’ ’> k V*~Y *\ Y " ' ~  10.5 ~ ' y * * . , ; | y Y 'Y  , * > •-
ri* X": Yv*-Y* a:>Y'Yw |:
• Y . ’• ■ / ■ Y;^if f er.ent! expef imenta 1 / points> Y - it/ shows thatythe^^/m
'deviation is about.i 2.5$ which is; a reasonable error*in.the;‘
Y.•; yyY ■ ; determination ;of ; the; optimum; moisturecontent|;YYY>?.;■■•;;;/Y;Y Yv$Yyi 
vy YY YY- yY Y .:, • Y % t its p sugge st edYt^-de t ermine the; maximum, d ensity.' f Yy
Y '*v y ; | equat ion (5.19) =, and /consequently Y; the 'Optiinum'-moisture;:cohteht?:|:Yy
•Yy Y *YYyyfromYequat’ioii;; (520 ) v Y Y I n y c 6 R f g a h | t ^  YY|
Y . •/ • Y  ion results ’ are / treated-p^ ithis basas yi - yThe fdifferencei.between/ yY
Y ; • Y Y ' iheycalculated and experimental' optimum ;iis:;also givehPv,Yy9This •
L;♦: yy . table /Shows thatytheymax<>ydiftdrpnce; betwPeh t h ^
. y. ; .andypxpefimental- optimum is . about; .4 /'3$/exceptyf o^ i Y ;
• ;. j . Y -6 ■ 65$0YYY^ YY; 
- .1 •' Hbweyer, the s e tvfO so i 1$ a re ,very
;»; - '-v:/VY indeces ‘ are. 47$ /and. .42$;■;f ebpec^ tivdiy^.-.;and'Ythereby suchygreat;
, ‘ deviations from the computed compa’ctive characteristics are Y
lY • ;' / •. ;Y expec tecLy :Y  Y ^  v :the; compac ti oh test-f or
YYY Y ;y soils should|beY conductedYtp ;obtain;-morPyaccurate resM^
Y ; r ;,moisture contents i 7$ round the computed optimum, y. *' r Y Y
YY y y/y; %;Y®h^Yfeab‘t.. that abouty77% and.- 69^ydf ';the pgiisYha^p expef-
Y  - ;Y  iin p n tk  moistur g o  :3 -^ ahd>^ J
Y\ ■ ? iyely, as showhyih TableBOy conf irmg; thpY^
y. y • ; yelquatdphS;‘:X;5'y *phd-; (P*B0) were;:bas:ed;,; Y., Y;*: YKyY/ YSYY■Y':7;'y :vYSY?H;
J ' .* TABLE No, 19
Comparison Letween Computed and Experimental
y . V  v-' ’* .* ‘ ‘ * * X \ Vjf'; v  •'/ | -4- ,• *■ ‘ !,-s '■ '■ ; ;  .**■*;’ - /A  - - s'‘ l>
Optimum Moisture Content.
- 104 p
; •' ; d .J. Maclean>■ "' ' ■*« -v v, . v 4
EoH. Davis ; - <0
■ 'jv -r.: vW: D . max „ : fyloi;® ~ < « • • ■o ^; x zD^maXo • ’
lL/cu. • 
V ft,
yy y^yopy;
lcdid;| vExpl.: :Diff.; Cald.. Expl; <: Diff
; 123.27;\ :4'l.'5-r: :io4,8o4 19.65' ;o,26:;o - 6.65 #
112 <5 48 -.; 15.75 >40;750 108.57 17.58
104•46 19:. 02; y\22:,;';:;:; -2 . 98:; 132,35 11; 84;: "• 1 • 16
; 135.69 ;.:~iV564 115.19 -10.83;:ff§!f 4 0.85
; 126.16 : 10.49; ^:flyyo >0v5lS 133.69y ::0.O7o 8 4 0.07
•;ii2:;'85;v-; ;;i5.6p;‘:•^ 14:yy; .41,60 ay.r 'yo0 '>;:;! .0 v' ;-o^'0::/,y.; ,;o"
108.63 o 17.40 • - V *
;ipg. ; 26 V v- -5.41 v •A ’ •*’* '*" ivyj|y 0:4.0 y;
2£ oy D^max. * from equa:tibn(5.19) 
^ Heavy Clay. s ,
■<-;f y:•y yvt a b l efNo; so.;e ;-;,.o y y •;;yy;
rc entage - of tSoils of Optimum iMoisture Cohtent 
0-rea:ter v 6r.• Lower - than ^tfte ;Exp^
■Rangeyof! ^ a.ge:;:Diff er^epceo in,.;o«. 
Optimum Mo is tur e, C ont ent •o % •...
.o'; Per cent age' .of : 
Op timum^yol nd
;.;o;i::yoi-v;o:;fo::o44o ro';:y'i66;^ v:-■; i '000: 0;0 ■ 01 6 so :.gy,v; • &>; .0, o ' 92.6
0 ';;:oyo;';<:y^;:.;'85roo/
‘-o'■/.'•■.’ *?’*''ii T+ 85
±2.0
I T 1 * 5 ^A:o:;:'oyy;:v^46;yiS ±1.0 31
•V'- V
H05
o f ±- 5& for
yy: ;« Y  equations (5 y ^  ,2 6 ); proved to be of
: \\Y'\'. great; advantage y . since “by,applying;the^tormer y ; theimaximum:.; 
v 1 Y Y  &ryy densiiycan:peycomputed'^ w thin an error 
y Y  *.y vy Yyany .type ■. bl; soil, under; any compaction; conditions j». and Y y  yyY 
y,YY;'.’applying #he'.’ l a t t e r ^
J;y Y;.' y,; c oil tent;,can : fre determined vwi thin: arit ■ o p ror yh e twe eri- £ 2~3$pY; 
•fYJy;.Y4y;Howeyep>y'it.yv^puld;*50 ynecessaryyfcpY?he^
Y Y v;Y ;■vy exper imentally Y  . wpiildy
8 Y Y vy ; Yv*fre- la^deid; pr^ympistip?ey c6 arouridYhecom^^ l^^ yy
:-TY; I': -y,:, : and; thus'r eddc ingytfee time/ and/laboui*" d h d o u M d r e d Y
'. -, :ing;ipyto 12 .compact.ion tests .needed to': esiahliah a compaction :’fy
•y, curve. > ' c _ ' v : ,
\  vY'Y
Y "y YY ’■ 
y  y  -T-\,
■W’1
* r ,j
"■ '/- *&■ 
>'t./‘~ ■ yyp’ V-P £*t!
y.;P UNCQHFIHED' COMPRESSIVE STRENGTH
;py ter amplesyf r om t heJ:m^
loadedyto: failure in the, 50; tons (Avery) compression
| the procedure: explai ned he re tofore. - ^ ThdpyJ 
Tpbmpressive by|dividing ' the ■'t^eak^ y;
ving load hy the original sectional area of the specimen. The
0'\%p/'*,»'y&yvv' . , v ,':**»*« yy >>•- tl • . y>yvy/> 5py.*'.t._; 'ir*'** .' ^ •». >y-,--’'.V-'1 ^ V- lyv.-y.yv*y $* vv" •
test was carried out for all the samples compacted in the. y 1; \’ v,y. *- \ y,1/ -iO1* 'J „ ♦<*.*'*?''V*;£ uf *' ,r.!*y- •■v ■ , yyy •* .yy *’/*?.-iv *' *■ y *• ** *•/ -V?'■*’■ *<%,y-'*' v>* y^'oV*'* & v *
: present investigat ion except :those compacted under the 8.25 lh..
: andp.2 i n y ^ % X ^ ± ^ l g 6 in'. 1 ” Some samples *
: disintegratedduri^ the moulds ySuch p* ->
;/••*.•. ;PV; \ :. pp>; >P,y ^PpyyP y* *y »'**•- '*y»i;Av y - V •; V t %-n yV.V^ ’ * yPyyiyy \ • '-/vy . ! ' . £ * & * P:;P/^ «-y
! 1 ow: moisture:^ s; :andv-wear* eydompac t edpuhde
energy. The results of the test are given in Tables 54-68 |
and curves, for,' the .relationship between \compressive strength . 
and moisture content are illustrated in Pigs. 83 - 101. These
. ni]T,Vftfl‘ n r  H o f  i inftir? T ierk T T in ftfiT 1 ; 4 n h m n t » h n :;4 iiw T ^ d i-.'(;bV-;i^-v<.:Lj a e def ned hereinaf er the compression curves, y $
enComPreasive- --Strengthy^
; inarease^ strength: Increasd^
at;:n  decreasing - for. s.ampleSQ*pi^^6|^d;:i^^^r^^e sdme^p%ffy;; 
compactive effort1. V; To illustrate this characteristic, 
compre s qipii; i a r & m e ^  of ;’8 51
striking f ace • falling
Ly. .the curve, when the moisture X  \ 
content;.inqreases from 3 . to 4 % 9 the compressive.• • s-1rength-^A^y:t? 
increases from 37.5 lb/sct.in. to 46.5 Ib/sq, i n / / ci.[e.> ;®a;r /- y
ylncheasp of y l b / s q w ^ ^ h g ^ o i s ' t ^ f d
to 4.; 5$, the compresPlyeystrengtY ixicreapoSj#
: to:.53 ‘lb/sq. in. , i.e.. the increase becomes 6.5 lb/sq. in. only.
„ ’ This characteristic continues until a certain moisture Y
fcontent,is reached after which, the increase•in moisture"; 
u, g ont ent Vr e sul t s tn:a decrease y in thd;-c dmpr e s sly e Y ptrength;;'at ;Yy 
y*av decreasing rate’. - yThls moisture content IsYdefliiedYinytheY'-Y; 
•f pr the oming di sous si.ons, the; maximum; eompres slon limi t yy andY; Y;
: they cor responding unconf ined c ompr.es sive s.trength, the '.
. maximum compressive strengths: ;'',:The maximum cpmpre^
. and;rnaximum c strength for the example under discus--
’.Ib/sq^ in.'. re spec t iy 0.1y>. ; The I;: s&ri^YY’ljy"
compression curve; shows . thatywhen the moisture c ontent •
;increa se s from. 6.5$ to 7% the compressive s trength deereases 
from 5 8 , . 5 'lb/sq. in., i.ei' the decr e aspYiPYYY'..:
14 lb/sq. iniYYbpt when thp/ moi sture; ;cOntent ihc ie.ases tby 7. 5$ 
t h e . s t r e n g ^  ytO'V'33Y0ylb/^
decreaseYi Syliv^* lbYPsg^ in;S6nly-Y YYY. ;Y V 'Y Y I S  YY V‘j
.83 andiy ; y' ’.Y^ ybdnjpar■isoii betweph ycdr r^espion".hurve; Pig  
’pvirire Fig. 9 ^pfythe same'rammer yahd h b j ^  
phpws, that the- maximum cpmprepsiph; 'limit ,; isylesp :than ;.the'Y 
optimum: mpistuyelcpnte^ ■ ? 0i?vY;iY?Y 
otherheightpyof, drpp^ and - b t h e r \ r ^  ViThisyindicatesYthat;Y
compactingythej sol 1 ?toYtliV• maximum density does ’ not re suitinyy 
p Y ^ ’xlpnii. cpmpr esgive i s t r e n g t h s t r e h g t h Y v ;  
For thpYxamplp underydiscusSionYYthey GOmpresPirvP;s^■ -Y, ,' *:v'y;YY>'i,v. Y '• ay.*Y Y yvi .,,jfvyyjY Y*Y v--y *• / > ^Y'Yt^ • 7'’ Y/-'v 1VY Yx y — • yYWYY
y *• 1  "■*' • ••■‘ -V -*  r:Vs\'» . ' Y * y Y « * >  -* • . f  Y  y* • ■> A % Y ’Y 'Y  <i :: - -Y V  •'••>* A’ ’ ’YY* y Y Y v /.:v ' Y Y Y ^ ^ ; y y Y .Y 'y - y lY - Y y 'Y y :  - ^ p -A Y ' /yY , YYyv Y 'Y Y d c Y Y ’
the optimum moistur© content, i.e. 7.1$, is 41.0 lb/sq. In* M  I ‘
y. ; Y Y y y '  'r. 4/10.8. y’'V ;7 "' Y 7 ‘ ‘ [> .7' f 7 ‘ 7 . y ^ !' ;Y
V 7; compared with the; maximum compressive .strength of 62.5 lb/sq.. in. f . 
The new compaction theory, explained before, offers an interp- 
rotation to all the ahove-mentioned characteristics as .given . 
hereinafter^ ’• \ ^  • y ■- '■ ' ~ ■ ■•y
: The air; pressure, developing in the voids during the ; >;
' • Y :■ compaction - process, increases; with the increase in moisture, 
content and density: of the compacted - .soil. Accordingly, > . 
this pressure, which, acts in the lateral direction as well as 
y the: vertical> direction, helps: in the 'breaking of the sample ; ; , v
which is not confined laterally any more. Thus, the sample 
does not sustain a very high load,:corresponding to the high - Y 
density, resulting in an increase in its compressive strength 
•v at a decreasing rate with the increase in its moisture content Y:
. until; the maximum compression limit is reached. When the ... •
•' moisture content exceeds this limit, the pressure in the air'
voids is so;high that the soil breaks; at a considerably low 
’ ■ compressive;; load, although its density is great. . A  furthery y 
; y , increase in the moisture content, results in an increase in >7, 
the air pressure again, but the moisture'in.the soil seems to 
have a confining, effect on the sample - so that the compressive Y; y- 
load is hot at full capacity and the helping action of the air 
y .pressure is-hindered. Consequently, the decrease in the y 
compressive.load is at a decreasing rate.
y Y Y  it has -been noticed that almost all . the samples with ' * 
moisture contents higher than the optimum, fail by lateral 7 Y. Y  r
— bulging. This characteristic confirms the assumption of the 7 
•confining: action, which takes place during, the compression-.. y .
test'-for samples of high moisture content,.
Effect of Increase in Height of Drop of the Rammer on the ; 
Compressive Strength. ;y: -v" . yy;. -\-ypy ‘ V'-'-yy
■Compression curves Pigs.89? 95 and 101 show that, for
comparable moisture contents., the compressive, strength increasae/:
withythe increase in the height'-'of drop -of the same rammer.
Considering the compression curves for the 8.25 lb; and 2 iii.
rammer, Pig. 89, it can be seen that Vat: a moisture content of ;:y
4% the compressive strengths in lb/stj. in.' are 46.5,. 58 , 75.5,y VP
'78,5, 101 and 107 for heights of drop of 9, 12, 15, 18, 21 and
24 in. respectively. \: The same criterion is true for other y ypyy
moisture contents below the ^ maximum compressi on limit. ’ y y
- The. compression curves indicate also that the maximum , ;
compressive strength increases with the; increase: in the height yp:
of drop of the same rammer. Table 21, illustrate^ .this /.v;yJ
characteristic, e.g., when the height o f “drop/increases from . ',yy
9 in. to 12 in,, the maximum compressive strength increases
from 6 2 ,5 lb/sci.in. to 69 Ib/sqln, , and it increases again •-y;
to 95;5;Ib/sqyin. , wheh the height of drop increases to:\15'; in. Vy/
The same is true for the other heights of drop. V , 7.".
P .P. The. maximum compression limit ..seems t o decrease, with the :y/ 
increase in the height ‘of drop of the same rammer. ' However, 
there are one or tir>ro deviations from this general trend as 
exemplified :by Table 21. ; .• Por; ins tance, when the' height pf ;V Vyy 
drop increases from 9 in, to 12 in,, the maximum compression 
limit: decreases from 5 .9% to 5.8% and It decreases ^ againyto W  
5.6%.when the fiei ght of drop increases' to 15 In;:-; v; Butas. the ’/• -PP
— 110 — v v. ! *. ‘  ^ YY?
height of drop increases';to’I S -21 Yahd7^then:
maocirmam compressi on , limit increases td;■?&>■ decrease s, •
.5 and ■•'then yinc reases - t o; 5.5$ r e s p e Y y y y ; :  Yy
Maximum C ompr e s si ve .S t rength,,-. Maximum Q  ompr e s s i oh Limit 
-7YY and ;C ompre s s i ve Strength at. Q.M.C «:^  >fdr.! a RapeS; p£Tj:'4
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H e igh t •■;P.S Y y
7; yDrop ; |Y.7Y 
'• ; inches'
S tre n g th  
: ^Ih/sq;* tn ;Y Y
;,k: L im it  ; ^  ;v;
; ::.;Gpmp YyS t  r  eng th7 y
^ Y ¥• Y &t7; 0 o:M0 0;^ XM 
\V. •; Y  7 7 lb/ s <£ip, ^  Y Y y  ■
-» y. * V>^ '■* '• v V, ;
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wfOprnpre&siic^
..Oompressive ' strength at. the
with the increase in the height of drop ,of the same rammer. .
{ 'Son' the rainmer - under.; di sehssidn«, 5 i f e* S* S5: -Sb vvand; 2v in.; rammer ^ 
thi s; cpmpre s save • strehgth;
to 51 Xb/sp. in. for the increase in the height of drop from
^n ° The same criterion is true,';' 
for other heights of drop as can'be seen in Tahle 21. - ^  - (&0.
Effect of Increasing Diameter of the Striking Face of the r r  
Rammer on the Compressive Strength. • Y '• •" Y Y
On. increasing the diameter of the. striking face of the ' -' 
rammer from 2 in. to 2 %  inc, without changing its weight Y- ' 
i.e., 8.25 T b . , t o e  ompac t the soil., all the char acter is ti c s , !
noted, heretofore, for the 2 in. rammer are the same., i. e. /
the compressi.ve strength increases with the increase in the 
moisture content at a decreasing rate until the .maximum ; ■ 
compression limit is reached after which the compressive ; Y'y\ 
strength decreases at a decreasing ,rate.. Furthermore, both 
the;maximum compressive strength-and;the strength at the 
optimum moisture content increase with the increase in theY* 
height of drop as 'Indicated by Table 22. y : ■ ' ■
: - - The maximum compression limit is 6$ for the. heights of... y.
drop of 6 , 12 and 24 in. However, it is only 0.2$ and 0> 1$ \
less for heights of drop of 9 and 18 in., so that it can be
considered almost constant. ‘ ; - <••• - ;-
A comparison between Tables 21 and-22 shows t h a t f o r  
the.same height of drop,, the maximum , compressive strength is 
higher for the 2 ^  in. rammer0: • However, it is 1.0 Ib/sq.in. 
and 5.2 Ib/sq. in. less for the heights of drop of 9 and 24 in, 
respectively. These tabels also indicate that, for comparable 
heights, of drop, the., maximum compression limit is higher for 
the rammer of bigger striking area. One deviation from this, 
criterion is noticed for the 9 in. height'of dr op, Ywhereas '
the maximum compression limit is 0 .1$ lower for the rammer of ; 
bigger striking area* . It is also noticed-that the compressive
strength at the' optimum moisture: content is, lower for the ; ,
•: rammer of bigger striking area. for .all heights of drop.
• ’ ;. : - t a b l e No ,.. 22. ; : ‘ . . , ; • ; ;
. Maximum Compressive Strength, Maximum Compression Limit,=.. 
and Compressive Strength at OcM.C.* for a Rammer of y.;
8.25 lh. and 2-| in Striking Face. - '
Height of 
Drop 
Inches. .
Max.' Comp./, Strength 
* Ih/scj.. in.
.Max. Comp. 
Limit %
C omp o Strength; 
at OVMvC. f: 
lb/sq., in, v ■’
“ 57 ' ■ 6 . 0 • " 29 ■ ;
9 I 63.5 5.8 ;; ' . 33
1 2 ' . 82 . . ; 6 . 0 44 :;
- . 18/ • ■ no: . y:? ■ S.9 ' . / 64.5 ,
2 4 119 . 8  v 6 . 0 81" ; y ; ■
x 0 ,MoC.. s Optimum Moisture'Content.
Effect of Increasing the Weight of the Rammer on the 
Compressive Strength0
• : y ' On increasing the weight of the rammer from 8.25 lh-. to, , 
1 1 lh., without changing the diameter of its striking face, 
the "compressive strength of the. resulted samples increases 
with the increase in moisture content, at a decreasing rate, .*' 
until the maximum compression limit is reached, after which : 
the compressive strength decreases fat a decreasing rat e. ' ■
Here again, both the maximum,compressive strength* and the : 
compressive strength at the optimum moisture content increase 
with the increase in the height of drop as can he seen in h- 
Table'23. ' '.V v fv ''/ •“ ■ . ’ . - ' h'r. f K . V V
- 1 3 3  -
/ , .
TABLE Ho, 25 • :
Maximum Compressive StrengthP Maximum Compression Limit 
and Compressive Strength at 0,M C,x for a Rammer of 
11 lh, and 2 in. Striking Pace.
Height of 
Drop 
.Inches.
Max. Comp.. Strength 
• . l b /  sq. in.
Max, Comp. 
Limit %
Compc Strength 
at 0 .Mo Co 
lb/sc[. in. ■
•>‘6 ■>_ , ' /-/ • -64 , ; . hh . 6 . 0  ; . •.V  .• h ’-44 v •’ . /•
■ : 9 91. 5.8 70
12 no ; 5.7 84/’'
18 • 129 5.3 . . 96 . ;
' , 24 ; 145 ' ! ■ 5.3 • :■ / 96 ’ .v /
•K OoM.C. = Op t imum Moisture Content.
For this Rammer, the maximum compression limit seems to 
decrease with the increase in the height of drop up to 18 in. 
It is then 5.3%' and it remains the. same, when the height; of O’ .. 
drop increases to 24 in. * •; .. : ;
A  comparison between the results of the 8.25 and 11 lh. 
rammers 7 shows that P for comparable heights of drop, hoth the 
maximum; compressive strength and the compressive strength at--'
the optimum moisture content are greater for.the latter. •■In
contrast the, maximum,compression limit, is almost lower for the
heavier rammer, as Tables. 22 and 23 illustrate..
CONCLUSIONS, ' • ; . ■; , s.. j. '-.
1 ) . T h e  compress lye strength increases with the increase in- 
the moisture content of the compacted soil, at a decreasing /■' 
rate until a certain moisture content is reached, beyond 
which any increase in the moisture content causes a/decrease> 
in the compressive strength at; a decreasing rate., This. 
moisture is, defined as the 'maximum compression;limit.;-, .;/•
■ 2 ) "‘ The, maximimi. density does hot result in a maximum-; V 
\c.pmpressive.. strength, which takes place at a moisture content v 
less- than the optimum * This phenomenon has been; found t r u e ’' 
for all rammers used in the present investigation, ’ .
3) The maximum compressive strength increases with ,'v*. ../.-: ;/
• (a) Increase in. height of drop of/the same rammer, 1- I '
(b) . . Increase .in the diameter of the .striking,face, of - :
• ; the rammer for the same height of drop and same :
weight upt to; a height of drop of 18 in.
(c ) Increase in the weight of the rammer .for the same //;.
/ diameter of striking face and same height/of; drop.
4) The general trend' of the maximum. compress ion limit. isy. 
to decrease' with the increase/in the height of drop./of the I- 
'same rammer. ' However, it was almost''constant for all heights 
of drop of the 2 i  in. rammer. .//.,/.:y\ ■ £ .
5) The compressive strength at the: optimum moisture content 
tends to increase with
/(a) -.Increase in. the height of drop of the . same rammer../, 
(b ) Increase in the w eight of the rammer/of the ;same
striking face arid same height of drop, >• ,
' /// ifvdeprehsbp^
:• '//•: diameter .,;• of the striking face /ofr the5 rammer; of ,the 
■ ‘ - ^ weight''forvthe . - s a m e / h e i g h t ^ p f / d r o p : . ^ ^ : •’';• SSSjt/rpv 
6 ): -S inf erpf etat i oh. pfj t he phencpiena ahd ^vc hdrab teri si ics4/:;ph> 
. /• • - /.of .pompfession' cuiryeis - and/test;Vfesuits
• I / ■: /h^Wvpamgacf ibh the ory ,7^/h. v : / \ v/f
• .-A- >>***% 
’ i- * c
/ \. 70
\ .
•h .•., !»/
* v\
,/V/,. ''W'rs 'I'1”?''';■'}?•yr- ' ? Vx4 v
"v. \.s*i fv/i
hr ;V'V ?■’•’*■ ,'*P: .v/:.*V. ;•?/>; f #v*' ;* f r£’*v\h ;'. 0* * :',:.‘'-C ' ’* * .-T -v-'t'‘^;' '7;’;v' , u •« ' /• ,.'1,' ’ ■’//"/'^'v V''''/'Vl-'i' Si/jf iV'**-/
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CHAPTER 7,/
. " ; .y;. • •, OENERAL DISCUSSIONS' AND CONCLUSIONS/ -y/y/. y‘V*' '■ y:
•*, The foregoing, investigations have shown that for a /,/-“• /,y
certain compactive effort the .soil investigated has three ,r 
distinctive moisture limits j • namely the maximum compression ,y
limit, the .optimum moisture content/and the minimum air voids 
limit. The first, r e su its in a c ompac ted so il of maximum . yy‘ V;
unconfined compressive strength, and the second gives the - -I; y
.maximum density when the third produces a soil wdich- contains, 
the minimum air voids „ The same results have, been found for 
other soils: by other investigators (28) and (51). The question y; 
arises to which of these limits the soil should be compacted 
in the field. . ■  ..yy. •, .■••■-A’. :vy- . ,■> >y yf/,. ‘-:y
Since the maximum compression limit is lower than the 
- optimum moisture . content,, a soil compacted/at this limit will * "
contain more air voids than that compacted at either of the
other : two limits. Such a soil when it comes into contact ; V
with, water is likely to absorb great amounts of moisture which . 
will-.result in a substantial reduction in its strength as 
indicated by investigations conducted in the Road Research yY 
Laboratory (9) ,1 and others published by Porter ‘ ( 52, 26 & 53 )y ■ ; 
Van Auken (54) and Newnam Jr. (27). y- .v  • //.-'
‘.Again the air voids are the channels through which water 
percolates and therefore the permeability of a soil with- highyy ;
percentage of air voids is considerably higher than that of. 
the same soil of less air voids;. On one occasion quoted byy.v',.y.
Terzaghi, (4 ), the coefficient of permeability decreased 
about 10,000 times when the moisture content 'increased from 
2% below the optimum moisture content to 2% higher than the 
optimum. \ >• -I - •• \ ■;
For the above-mentioned reasons, it can be concluded 
that for a certain compactive effort, the soil should be 
compacted at either the optimum moisture content, or at the 
minimum air voids-limit.. : ■ This will produce a soil of ; ,
greater watertightness and higher stability when, saturated, 
than-, that! compacted at a moisture content lower than the 
optimum.. • -y • / - v .,;? /• .. y.. . -r >
-  l i e  -  •''' ■ ’ •' 'A- '
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TENSILE STRENGTH OP COHESIVE SOILS / • ;
GHA.PTER _±y, y- :; y  y y  :
INTRODUCTION AND PREVIOUS WORK ': V '' ■ 7'. y v  :i
INTRODUCTION AND SIGNIFICANCE OP TENSILE STRENGTH OP SOILS. i>ii)H.nt<uwn m«n iw^iai n* I, i — i <*1» « i wim»mir»-i»ii <m .«4i» nuum'i i—•n.i*    1Kitn.wHMiiin  n m ■*»mn ** m*1 w** ■— «. ■■ i>■« i»mwn»»n
Tensile strength of cohesive soils.;, has, almost been .-Ty , . j
ignored by engineers and . soil mechanics investigators,. On ]
the other hand? this property has ‘been recognised by investig- ■;
ators ' engaged' in researches connected to the strength of ' 7 yY  Y  Y 
ceramic materials * as one of their essential properties. For 7y 
this reason* almost; all-the papers*, however few* published, j
.on this subject* were conducted towards this goal.: However * j
a resume of such investigations * which will he given later* ': y ; j
may help in the appreciation of the..present work. Y  Hence *'■ ' - y
the following indicates the significance of this property and yj
the importance of its determination in some of soil mechanics Y
problems. ; ' Y  ’ • • ' -7 \Y • ' 7-y ;
In a semi-infinite mass of ya cohesive soil * the ’ active . \*Y . ' ■ j 
Rankine state * involves ,a state of tension- in a horizontal y . y •., ;y j 
direction, as proved by Terzaghi (3). The tensile stress ‘ Y j
acts at the: top zone of the mass with a maximum value at the / : . \;
■•surface Ya. ’ Y. ■ ' ’ - Y. , Y .‘7 Y7 • . y;. ■ 'Y y-"y ■ 7-,- y ;• *-l;. ; Y
Y  7 Y  . .Y-.^dY » 2ctan (45- - 0/2). 7y y... .Y/Y Y. .v.. (l.l) A; 7yl
wherein c »- Cohesion of the soil j
and 0 » Angle of7' internal friction. ■ . . 1
Then it decreases gradually tolzero at a depth ZQ which.: 7  .• Yj
can "be determined frbmvfithe following equation
• V ZQ- =. lr tan (45° .+ 0/2) ^ ' 1 ..... (1.2)
wherein \  ~ , Unit Weight of the soil., :
For the computation of the total active earth pressure 
of cohesive soils on a retaining wall? neglecting friction,... :, 
between the wall and the fill, the shaded,area abcde ^ i n V ’.;/-. 
Fig. 102a, should be estimated (54). In reality tension 
cracks of depth Dc from the surface of the fill take place. 
Hence, the computed earth pressure on the wall increases, , 
since the area • abc, which is a tensile force, will be ;reduced 
to the new area a fb !c therein as indicated by Fig. 102b. .
Assuming a plane for the surface of sliding, the 
maximum safe height of unsupported vertical bank of cohesive 
soils is reduced by the presence,, of tension cracks from 
4c tan (45° + 0/2) to 3.67c tan (45° + 0/2) .
: . Y  '• ■’ . V  V  . V'~v' /
provided that the bank will be only stable for this reduced 
height if nodaccumulation bf surface water takes place in : ■ 
the cracks. This will be more detrimental and the critical 
height should be further reduced to 2c tan (45°+$/2) (5).
• •- ' • \ „ ; • ■ •' • 0 ; : I. ■ O  . *•Furthermore, a tension crack has three effects.= on the 
stability of a slope as explained by Terzaghi,;(3). Firstly, 
it reduces the total cohesion per unit length of the slope 
from cxbe to cxbe^, (Fig.102c), since, the cohesion per _ 
unit area; e is eliminated along ee^ .*‘ Secondly,, the driving " 
moment Wxd is reduced by the moment AWxd^., where W is the 
total weight of earth above sliding surface bec Thirdly,
; > ' I ■■ < 120 • «• '
’ \ it increases the^  driving moment/by the effect of.the hydro-
? prespure exerted by the/surface wa t er which accumulates 
7/';. . ;/r in the cracks. The second arid third e f f ects cbmpehsate each 
,;otHer/as - stated ty; Terzaghi ? ahd accordingly 9hthe stability ;/(o^ 
/: V-. k * of .the slope & could be i ny es t i ga. t e d ;pn the;premi se that there/// 
o: / were' no cracks, and substitution by a'reduced cohesion
H/Vh * ca ss ^ 9^ P •£*::-
:yh/ ■/ z: ^v.-prese'ft^  ta..neducC;;thb^f actbr'pf rhafftyh
/:hf;Kv *againstitjing of the slope 1 / j ' * , . ' ‘
• '^  .■. ^frbm v -ifr.' -R -ctbh ■■ ■ / - / ’.?// /V * * / *,
K\ • / • / / ■^ '/i pp; Pinally,p,T .Iiarrpun ( 5 5 ) noted the danger P fpihp
i: h - cxi s tehceh.b|;- t ens ion b racks. bystat ing that "The/ ^
; h f " p;.. propagation of a ^ ehsion erack tends ; to - destf oy shear!ng/;:.p4?/</: 
;-/;/i/^ /.h^sistahce ^ hincreasing/the/sheaf ihgiin^ bnoremdihihg'^^
unseparated surface, thus causing sudden failure in supposedly r *" •
/ -..stable embankments •
Y;’v;'• the tensile s trength; of ‘ the soil be
: // .•. ' ^  /place due to gravitation ;ln. the:^ three/base s de scribed >her^ ef of^ore |^5 
‘ Conseguently, termination 0f> theirt^ strength: of^: f
ov;h:h '/ : c0hesive^ ;^ ^^ ^^  helpfto predict the possibility of
///■' '• /’ • /: hP.;P/'‘::V--V//:* ^ > / h //!; / •• / -I ‘ ' / h,/-'^  /•'„ - J'/ ’\f</;/*..://'-v formatipn pf tension cracksi ;/;hence-phe;no]^utatibh^pf/>piep/p''-/yp
hov; /;;; ;,c: act iyp: ear th pres sure, ? the cr i t ic al he i gh t: bfuhsupport e d^/ /-h/^/ ;j
vertical banks, and the stability of/slopes nan bejcarried out
more accurately, or methods should be sought to improve the ^
, . tensile strength so: that no cracks take place. f .' ,1'"' *•” ■ “ 'l 7/'/ -i (V1-' 31'.j'v'v' Vi ■ 'VV-' .'7 ’fji W.1' ■  ^V.-V/ ' -j .»/„?' * \ •'? 'i%\
/■  < - . ' j  , :v ’ '  ■’ ••;'■''* .- C -i ' '> ^ > ' ’ 7 '.," "" ' V  - ; 7 i ' \ v / : V '  v  . / / f Y '  :v  •.- C \",, V V « ‘ ' / ‘.’. '  i  ’ :" V ’ / ?  / •  '• •*’ *V j£' Prom the foregoing, it can be seen that the determination
0 •/ v-‘7 *•> .* ■ v‘*‘ .**•'* : {. v  •.• /'-••'■ -,:,V • ■ w 7. •/•/'- V •’■ •'• v f '*'•'/'//. PVv’*'.// *.<••<'7 P-h ‘ hJj **./: >? 'V* /• >/K»* •>/./ *;.fVJ*rv/cV?C^'- ^  3 fc T^>' >t?^av1,T. ;4 •/ ■,/ . vt V5// •. ' ' v p 7 7.,; /■/.' *, 4
/ / \  * * • ; *  * \  !v>''J :■>■'. * • : % ; •  . £ / • £ . .  *V \  •• ,*/  < ,  Z *m **
of the tensile strength of cohesive soils is of vital ' '/*
importance'in some of soil'mechanics problems and should not*/.;'
b e--■ over ip oked/y ^  a #;/VV: y :.:. 'A t ~zkSj. ’z : z ^ z0c^’ -Zz'z: f} z-0/:jZ^ -:zz
' In an endeavour to find out the factors affecting'thisy 
property,, the author* conducted a .systematic -series of tensile 
tests'on three different types/of disturbed'clay/ /These are,
Staines London Clay, Clayey Brickearth and BIi bLondon-Clay. * - ‘
The tests for each soil were carried out by altering the
‘V1?Q/^ e•?-the ■ most: /////ry,.-;A 
prominent z-^ zt}Z-:k < t ' 4 *.V"
:yi:),/'/ The moisture content for the same compactive load. - rVt ^
2) .'.-/ :-.The :cpmpactiy'eri load. *. * V ■*» ‘ \ ’ 0 *
y  y. A/nhw device ywhic^ ;f ensilb/y^ / A
strength'./as low' as"abeut 2
rue ted by/, the : authpr>; yZ^^/oqwga. ct/the- specimeh (•$
thd ' same ,shape/ ps(Ithat’ of a/ c ement/bfiguette^/-a special/mouldy^y/
"V.
" *V )}• .V* „ \/
-3>.; ‘"sv  t/4\Z
y -‘A
/ Z . * *v% 's'*!,' V~/v< /" ' / •//'/ ^ /• '/.A® '/j yV^.'1
„v vi, ■• v /.-// ’v*' / '  »-v- 't‘ '■'*? "// ■>"•*/• ■ /■ / -hf > //.*/. /•>>*
PREVIOUS WORK. : "/"v' 'Y- y : Y • ; A " ;y '/AY'- '•* A“ Y
. it seems that, Griffith was the first to measure they 
tensile strength of clays in situ on a wide scale * for y 
engineering purposes. However* some papers were published v 
before him* on the determination of this property for 
investigations connected with ceramic materials. The forth­
coming is, a concise review of such researches. Y \Y
To,find the effect of the grain size of non-plastic ; . 
materials on the tensile strength of clay mixtures* Orton 
(57), carried out the tensile test on different mixtures of \ 
c lay c ontaiaing the s ame amount of sand* 'but of different / / 
sizes. In his procedure* the mixture was (moulded to the 
standard- shape of a cement briquette* air-dried and then dried 
again to constant .weightyat 120°G; in air bath. He. found . Y-
that the tensile strength of mixtures of a plastic ball clay
with equal quantities of non-plastic sands vary inversely 
with the,, diameter of the graihs of sand between .1 imits of Y.; ■ Y ; •
0..04 in. and 0.002 in. . . . • ,
Ries (58)* found that, an excessive amount of clay 
particles or ..large percentage of sand “grains weakens the Y  ■ 
tensile strength of the air-dried clay. He tentatively :
as In 1880 WiAiry (56) * reported the procedure and results 
of the tension test in situ on some clays and gave 168 and 800 
lb/sp.ft. as the tensile strengths of ordinary brick loam -and v 
Shaley clay respectively. It seems to the author that Airy 
confused between the tensile strength and coefficient of 
cohesion. Y  '":Y  - • Y-v • Yy y y y Y Y  Y-y V- Y:7 ' /'’-Ay " Y
concluded* from/limited test s * that it would he possible to 
make a mixture of two clays, whose tensile; strength, is higher 
than that of either of the- - two clays alone or vice . versa. ,Yy^  
Saxe and Buckner (59) * measured the tensile strength* 7 . 
of mixtures of different clays, while heated at different 77;
7 temperatures varying from 55°0 toyred heat;, All briquettes * 
which had the standard shape of a,cement briquette, were made 
from mixtures of 25?S passing the No.46 mesh sieve and 76% yy/y 
passing the No.60 mesh sieve. • : ' 7 “ 7 ‘. • / -y
They found, that they strength. increased during drying; vy 
; the strongest being at 110°C * and;;;this again increased Y : ;Yyr 
appreciably when cobled in a desiccator instead of cooling in 
air. They suggested that drying the clays to a constant ;y 
weight at 110°G can be used as a means of the selection of 7.7 
strong from weak clays. The strength of clays in a hot 7 
/condition* between 110°C and red heat, were found to be A>';yK 
.considerably lower for the first 200 ~ 300°C than their cold;/ 
strength when dried at llOyC. : Furthermore* they ’noticed: Yy/
that the;strongest clays as dried at 55°C* were in turn theY;' 
strongest; when hot during the interval of lowest strength 
between 110°C and 325°C. ’. Y; ! y E Y :'. • Y,: Y ; y YY y
;7y The testing machine used* chiefly consisted of a lever Y,. 
arm of the first order* fitted with a pair of clips. ; The 
load was applied at. the rate of 50, lb. per minute. 7; ;For YY|?
X' Saxe and Buckner called the tensile strength in .their yr/ 
paper the bonding strength. . / Y:;Y/ » YYY Y AY " , Yy-
YY YY;7Y YY ■- y y ; - - r , ■ YYY y  Y. YY-VY ' ;Y "Y
breaking the briquette in a hot cbnditioh,.. special refractory ;• 
•clips were connected with:.the arm of the lever;, through a Y;;I:YY 
small hole in the top of the furnace, . Y/y ^ Yy Y
y ; Watkin (60) ? investigated the effect of pressure on :Y ; 
the tensile. strength of clays, and/found that it /increases v Y Y y  
with the increase in pressure. In his procedure, the clay 
was ground to dust,'damped to an average moisture-content of 
9%9 and passed through a 10 f s- lawn.Y , The specimens; were • then 
pressed twice, 1.e. after ,applying.:the first pressure it was ■ 
released.and reapplied, and fired in a biscuit oven to a Y 
temperature represented by Watkinfs HeaiyReoorderyNo.27, ; ?Yy 
approximately cone 5A„ . The tensile strength was determined
in a Faija machine, where ‘the specimen was placed in- two jaws. 
One of these jaws was fixed when the other was attached to a A 
movable, arm which was gradually, pulled, away by a chain movemente 
- .. ;• To find the best moisture content for clays used in :
moulding large lumps or. ve ss e 1 s of which sizeAvariation.;!3 of 
importance, Hind (61) measured the tensile strength and 7 
extension of the specimen before breaking at different moisture 
contents.. . ,;From his results, he deduc e&; the foil owing : Y A 7 Y 
empirical equation. 7. ■ ; ‘ Yv - . - Y - 'Y:77. ,/Y YY-7:
’■•Y . (M.-Mo)S = . . .y  y,   (1.3)
wherein 7 M = Moisture; c onient« A • Y 7'Y ' .7-' 7 '
. 7 . Mo ss Moi&ure content at, w hi ch t he mater i al 7 7. . Y
.7y ;y 7 ?. • Yv ceases; to exhibit/plastic properties. Y Y,.
P s= ' Constant 7 A ' v y  ,Y. V-. Y  vYy- ,7; Y-77;Y/. Y‘7 ■
Yy.; E. = y Extension in centimetres per sq[«cm. of
original minimum cross-section. . . ,
L ',=• ■ Tensile load in g/sq. cm- of original, y
• ■ : V •/•/•';. \ vy . minimum, cross-section. .' y y :.:; ./-y/y •;. :///
'./'He suggested to use the test specimens of. the shape
illustrated in Fig. 103a, so" that-the specimens would break ; . . /’ 
at definite planesof least cross-sectional area, y  Toy/. yj. / 
protect the specimens from losing some of their moisture content . 
during the performance. of the t est ,/he.. devised the apparatus.;y,/ . 
shown in Fig. 103b, which was framed in wood panelled with 
asbestos cement sheets /except for the front, ;where y  sheet • 
of glass was arranged to slide in grooves. The enclosure ,;/« 
was thermostatically c on trolled at 68°F and its humidity was y - 
f airly .satisfactoryc. This apparatus could only be/used for y: ' / 
very low tensile... strengths which are characteristic for clays . 
of very high moisture contents. , -/ . / . , f -4/' //: / :y \  /..y:y ;':
In 1931, Griffith (62), published his paper “Physical 
Properties of Earths”,, in which he produced results/ of the /;/„■; : 
tensile strength, and other properties of soils performed-in
• For, the. tensile strength he used two sizes of. speclinen.. •
One was 17 in. x 17 in. approximately to give, a sectional' y---
area of 2 sg. ft/ y  and the o ther was: 6.08/ in. x 7.19 in. V/y
approximately/to give a sectional area of 0.3 sq..ft> ‘ For . / . .
testing the 17 in. x 17 in. specimens, the surrounding soil ; V  
was trimmed away with a sharp spade, leaving the earth prism /vy ', 
standing in its natural condition, a wooden form was clamped ■ 
about the specimen,.; and/"the breaking mechanism was applied ,./ 
to pull up the specimen until it ruptured.
T h e  6 . 0 8  i n .  x  7 . 1 9  s p e c i m e n s  w e r e  p r e p a r e d  h y  s i n k i n g  /  . 
a  s h a r p  e d g e d  f o r m  i n  t h e  u n d i s t u r b e d . e a r t h  a b o u t  0 . 2 5  m . y  '
■ t r i m m i n g  t h e  s u r r o u n d i n g  e a r t h y  a n d  r e p e a t i n g  t h e  s a m e  o p e r a t i o n  
u n t i l . . a  d e p t h  o f  6 %  i n ,  w a s  r e a c h e d .. T h e  t e n s i l e  l o a d  w a s  
t h e n  a p p l i e d  " b y  . p u l l i n g '  u p  t h e  s p e c i m e n "  t o  i t s  r u p t u r e ;; 
C o r r e c t i o n s  w e r e  m a d e  f o r  t h e  w e i g h t  o f  t h e  f o r m s  a n d  e a r t h *  
a n d  t h e  t e n s i l e  s t r e n g t h w a s  ; c o m p u t e d . A -  • ;  •'. •, / / ■  • ; ; ' / -
H i s  r e s u l t s  *  . o f  t h e  1 7  - i n  x  1 7  i n .  s p e c i m e n s  *  s h o w - . t h a t  r ; ; 
" b l u e  c l a y , e x h i b i t s  t h e  h i g h e s t  t e n s i l e  s t r e n g t h  * w h e n  t h e  l o a m y  
t y p e s ;  a r  e .. t h e  l o w e s t . . )  T h e  m e a n  v a l u e s  g i v e n  f o r  t h e s e  s o i l s  
i n  l h / s q . . f t .  a r e  2 2 3  a n d  7 5  c o n s e q u e n t l y .  * - V .  * .
" ' . ‘ . ' ' S '  - . ' . . •  \  T A B L E  . N o .  2 4 ? ”  ; ■ ' ; A / ' / ' ' A
T e n s i l e  S t r e n g t h  a n d  D e n s i t y  o f . D i f f e r e n t  C l a y s  : ' V / /  ■ ;.y
: ..'‘-‘v;:' .• :tV ' ‘V’:* ■ ' ' (Griffith) .* ' • *,;V • < ' '  •vtf
T y p e  o f
- • S o i l  -v!
A v e r a g e  
T e n s i l e  
S t r e n g t h  
I b / s q . .  f t ,
A v e r  a g e  
D e n s i t y  
• i b / c u . f t .
T y p e  o f  
: B o i l  I
A v e r a g e . . / ; ' 5 . 
T e n s i l e  • . A  
S t r e n g t h  
l h / s q . ,  f t .
A v e r a g e  . 
D e n s i t y  A  ■ 
l h / c u . f t .
v  A  M * ' 5 1  i  5 9 7 . 1 • v - 1 4 4 . 0  : • f 1 2 2 . 2  ’ - A
B 1 7 . 3 1 0 1 . 2  ‘ g 1 8 5 , 0 1 1 2 8 . 1
.* c  v ,  . 5 8 . 4 ; 1 0 6 . 2
' X T
Jj L *• ■ - ‘ 1 1 3 , 3 • 1 3 5 . 4  • ;
•v - d ; : ■ 6 5 . 8 .. I l l  •  4 : 9 7 . 3  :: 1 1 6 . 4  .
E  . : ■ . : ■ 1 0 3 . 3 - 1 1 7 . 6  r ; K  ' 1 1 7 . 9  V 1 2 2 . 2
A  s s  B l a c k  S a n d y  L o a m  a t  5 . , ; / F v « V -  Y e l l o W  C l a y ;  a t  4 1 - 5 ff;,‘ • / ■ -
S u r f a c e , . ' }  &  s =  Y e l l o w  C l a y  +  B l u e  C l a y
B  • =  B l a c k  S a n d y  L o a m  a t .  • * > ’ \ a t 1 5 f .  . -
1 2 . i n  d e p t h . • H  W  " - - E l u e  C l a y ■ a t ’ 8  f - 1 0 lf .;■ > •  .
C  = s ;  S a n d y  Y e l l o w .  C l a y  a t  ; ’ r I ' V  T ' o u g h  Y e l l o w C l a y  a t  ■
; 3  f t . -  d e p t h 3  f t .  ( w e a t h e r e d ) . . / •
D  =  S a n d y  Y e l l o w  C l a y  a t K  s s  U n w e a t h e r e d  s a m p l e  j u s t .
: 3  f t , V . d e p t h • . ;  h e  l o w  p r e c e d i n g  e x p o s e d
E  s s  T o u g h  Y e l l o w  C l a y  a t  • o n e  y e a r .
4  f t .  d e p t h -
O n e  o f  t h e  m o s t  r e m a r k a b l e  c h a r a c t e r i s t i c s  w h i c h  c a n  ,
be inferred from Table 24, is;that soils•of highervdensities 
show higher t ensile; s trengths.: /-. :•1 / / y "/■ // r‘;' - p y ’ '
From tensile tests carried out in the laboratory for , 
different clays on specimens having the same shape of cement 
briquettes, he concluded ,that-/vef y' • plast ic matef iais/have-/ "' 
high tensile strengths, and that it is: necessary to run ten • 
tests at least to get a fair average. . ■ - /.■/• • ,/• y  /. .
For the selection of a clay soil; suitab le for the .core •- 
of Yanaguslin Earth Bam, Ono (63), measured the tensile /. / y :‘‘.-'- 
strength of different clays. ./ In his procedure,/ the soil /of 
normal cpnsistancy,: was thoroughly mixed and .pressed,, into /y •' . 
standard cement briquette moulds so firmly “asto avoid air 
voids”, and the surface was smoothed off with a trowel without 
ramming. /Removing the specimen from the mould, /it.was '////■' 
allowed to dry in air at room temperature to the shrinkage/;-/ 
limit and then tested on’ Michael1 s Tension Apparatus0 He y. - 
recommendedr that the . tensile . s trength ofv the clay / used in y  
the core of the dam, should not be less/than 6 Kgs./sq^.cm.
,„:ry present investigat i ons
PURPOSE OP PRESENT INVESTIGATION^
Prom the few papers summarised/heretofore, it: can b e y y
seen that the ,;determinat ion of the tensile strength of soils 
has seldom been, given, the attention /it deserves for; its use 
for engineering: purposes. It is one of the scopes' of the . 
present .work to show the way to war db/this, goal . ////; '•,/ /•//{•
. In the. procedure specif ied by previous; Investigators j : . / 
the. soil was : allowed to dry .in air (58)&( 63), or in the oven 
. (60),/bef ore applying the tensile load in the laboratory. ^/•:. •
This treatment has the effect of increasing the strength of 
//the soil sub s t ant i a 1 ly, and does not -resemble' conditions ihjly'; 
the field, where the moisture /content is usually preserved. ./ 
Again the effect of the c ompactive load on the tensile strength 
of soils, as compacted, has not been investigated. / //
To cover - all the afore-mentioned purposes, the present/;/, 
work; has been directed to determine the,, tensile strength o f / ’. ; 
the f ollowing clays when compacted under, the same compactive//• 
effort at different moisture/dontents./ /- //'/"/•' ■>// • y  •/•/ v.
l) Staines London Clay.
b) Blue London C l a y / y •/' y  y "/ yy, / i V V * * y / ;:
c) - Clayey Brickearth. / ‘ •' /•// / /•■ / . /./•.
Furthermore,. the tensile strength for the three clays V." y  -• 
was measured for/specimens compacted under static ’ loads of ///’ 
250, 500 and 750 ;lb/s(i. in. at different/moisture contents/ /zJ'iZ
APPARATUS. \ ! / / /  V 7 ; . , V-',
For the compaction of the specimen a mould was designed 
to give the same shape as that:;of a standard cement hriquette.
It consists of .two cement split brass moulds of the type and v . 
dimensions shown in Fig. 1 0 4 and a loose plate, 6 in. x 3 in.. 
x >§•:>.in.,. : The two!’moulds, were f ixed :t o the base! by two \ in 
bolts so that when the jnpuld is collected it has an inside
. ' • / ' ' ' * i • * - 1 , • » / "
depth of 2 in. v V  - - , ;!:./
yyy The plunger used ‘for compac ting the s oil was constructed - < 
of two parts; the face and the rod. / The face has the same 
_ shape: .as that of the mould but with slightlyIpSp; dimensions . 
to allow for its free movement inside the mould. The 1^ in. 
x Sf in. x § in. rod was cent rally fixed to the; face •. 7
countersunk hole of about f ihp\ depth;was grooved at/ the" top- 
surface of the rod to accommodate, the i .in* ball used to tran- 
. sf er the compaetive load, from the 50 ton Avery Compression • .
1 Machine used for compaction* . ; ;V /■/’’" yy
As, the tensile strength of soils is appreciably small,1 
the Avery Tensile Machine used:,to break cement briquettes in 
the ,cement laboratory, was found unsuitable to test clay, 
specimens. Accordingly, the author devised a hew and simple • /
/ . tensile machine based on applying direct load and could measure -p 
a tensile strength as low as 2 lb/sq. in, ' The load was auto- , 
y ; matically cut! off chce the; specimen was/broken as explained y ,y.:yy 
hereinaftef . ■ The machine and? its details are drawn in Fig.104; .
y .The new/machine.consists of twoaluminium...clips (A)
• . where - the briquette la pi ac ed j • the: aluminium b e ing chosen for
its light weight. Each clip was provided with a semi ball,
.'to allow, its slight movement In/ any directi on so .that / the / /; iy .;/ 
clip could maintain its vertical position during the test, .;/ 
.and thereby it can be assured that the load/is applied. . vertically;, 
The semi ball in the lower clip was screwed to the . top end of •:•/
./the in. dia. rod (I)v whi ch moves through the slot in; the : •/// 
hori zontal leg of ’? part (D)’ of the . machine. At the; lower / 
vend of rod (l), there is/a hook to' carry a bucket/which receives 
sand from the 8 in. dia. funnel; thus loading the briquette 
.when .in place. The sand contained in the funnel, which has//// / 
a i in* smallest bore diameter,. was sieved through the No. 14 .// ' 
B.S. sieve and retained on the No.25 S. sieve. To prevent/// 
clogging of the bore of the funnel, the sand was thoroughly vv. 
washed and dried before use. ‘ Thus the rate of its flow to -/•/ 
load the briquette was almost, constant at 5 :lb/minute as ; ,/;/// 
Fig. 105 indicates. ■//••*. v// / . - ’• -/' * /
y To assure that the sand vis ; uniformly/distributed In/the//Av 
bucket so that it does not tilt to one side, and hence to ' 
ascertain, that the full load is applied vertically, the; 1 'in///// 
dia. flexible pipe (L), which distributes the;sand- to the; , Vv . 
bucket ,/, was twisted;. to the/centre of the bucket as/shown in 
Fig. 104. The tongue (G-) which slides horizontally between = '•
. plate (E) and part CP), has a hole of the same diameter as V V - 
that of plate (E) and the smallest bore of the funnel, i.e.iin. 
This hole was so, designed Vbhat when leg (l) of part '(D) is V y : 
set horizontally,'it coincides with that of plate (E) and /  - 
pipe (L)., - thereby allowingHhe sand to f low into the- bucket . V /
: ' f'. • • -*/l3±' - ' ,/ / • ' ’ r>\ ^  . ''S
When the specimen-is broken the lower clip falls on leg (l) ;
of part (D)? which rotates in a vertical plane about its 
bearings (K) to rest on stop (C). By this rotation the <,*./'■ ^
. tongue (G) is pulled out horizontally and closes the hole in 
plate (E) * which was originally feeding pipe (L)v Consequently* 
the sand does not flow and; the load is instantaneously ,eut off. ,:v
DESCRIPTION AND PREPARATION :0F SOILS 1jWESTIGATBDv  ,*v :/, ■ $*■ - /
. •' The soils investigated in the present w°rk are disturbed
clays received from the/Road. Resear ch. Laboratory ■ * Harmonds- • 
worth s Middlesex* and specif ied as Staines London. Clay* Blue
London Clay and Clayey Brickearth. The Staines: and Blue
London clays were.: greyish in colour* when the, Clayey Brickearth
resembled- a terra-cotta colour. The mechanical analysis
curves for.the Staines London Clay and the Clayey Brickearth
are illustrated with their physical properties in Fig.106. .It • /,/
can be seen from these.curves that the soils mainly constitute
big amounts of fine particles. The amounts passing the No.200
B.S. sieve are approximately: 9Q% and 89% for the Staines ,
London' Olay* and Clayey Brickearth respectively./ However*
. there:wore few big• s tones/which were r amoved.: / ’:/<••/
:;:The^pQilp;,worp; puppiied by. courtesy of the Director of /; ; // 
the Rpad Research Laboratory.;., The mechanical, analysis curves 
of, the Stainep.London Clay and Clayey Brickearth were provided 
with the:, samples. The author has not had theopportunity to /
perform this test' for the Blue London Clay. ./..: , — ././ •./
;V1 . 7 ' :* X-;_: — 132 r.-. ;
;To prepare the soil for the;different series of tests,
/the 'b ig/lumps w ere broken by hand!, and-put in a conta iner,'//// '; 
7 which in turn was placed - open in air on top of the oven for- 
about 20-22 hours, after which it was allowed to cool in air.
7 Eventually,/ the:;'exposed t op of the oven usually maintains/a • 
temperature of about 38°C, and thereby it can bef claimed that 
the rna in pr ope r tie s of the soil did not change: dur ing the. y /
7.drying process.' . " h/! /•’ ’ •. ' '/•• /!/£'// V'y.'Vvhy. /;■' "■ ///;/>///. ■
After drying, the soil was found to be hard to be ground 
with a pestle with a-rubber/end, .and therefore the grinding 7 .' 
was carried out with/a metal.pestie taking every care not 'to;. ! 
break the individual particles* However, this last process 
was inadequate to break all the lumps/ Hence to accomplish . 
the grinding process, the soil. was transferred from' the mortar 
to the glass plate and a round rod was used to roll over the 
soil several times under a moderate pressure from the hands# 
/The soil was t hen s i e ved t hr ough -the N o. 25 B . S. si eve, and .t /
. theamount retained;was ground by rolling, and resieved again. 
The grinding and sieving processes were continued until all 
the soil /passed the /sieve except' a few stones which- wepe - //-'!■/ 
thrown away. The .moisture content of the soil, after drying 
and grinding, was 3% to 7% of its dry weight. All the soils 
/were treated in the/ same manner. ’ /; • ..•/ ,;7/; />/
PROCEDURE/.: ■ - .V;-■/' • * - , * : /// 7/'\%/
' 'V The;, mould was collected and its walls ana bottom were y ; 
coated with a thin film of lubricating oil so that 'the - soil v/.yy 
did not adhere to the mould. To perform a set .of tests,. • 
i.e. .testing the soil, when mixed with different moisture • .
contents and compacted’..under the Same static. load, about 
1500 g, of the ground dried soil wa?e- needed. '! - About 25 c.c. 
of distilled water was mixed thoroughly with the soil three
or four, times, using avtrowel* ' To assure that the moisture 
was unxformly mixed with, the soil and break: any lump which' TV;t 
might have been formed, the soil was spread on the glass plate • 
and' rolled, over with the rod* The; soil; was then mixed with ;V:y 
hand, two or three- times; after which, it. was ready for testing.
: Ab out 160 g. of the soil were.; placed, in . the’ mould ; in / •// 
a loose state, and the remainder/was.preserved in an air-tight 
container; to prevent loss of moisture by evaporation. Placthgy/ 
the plunger; on top of the soil, , the mould and its .contents 
were . removed to.:; the compression .machine« ';• The.;• in. d i a :;/.,' 
ball was oiled and placed in its position, on top of the plunger. 
The; mould was...put.under the ■ top; 3 aw /of v the;machine.; in such :a / y 
way that the ball fell .exactly under the oiled hole in the " /./ 
disc connected to the / jaw* . v The zero reading on the 5 .tons / v/ 
gauge was recorded and the load was applied at, an almost;
. constant,,.rate until - the;: specified compactive load for a ,.y: y
3E The temperature of the water for all the tests, and all 
the soils was kept almost - constaht at 1 ‘7 °C. r • ■ ;/
■ - 134 - >v..; •. . •.// . //./.;•-;,/
certain series was . r e a c h e d , 850 Ib/sq.ih. To assure . / 
a uniform distribution of this compactive load,on the soil*
. if wa s/ma intai ned' for/one minute: after/.which it was , released, - 
The ..mould with ;its contents was' then removed from the compress­
ion. machine." . . . 4 . . . /'.• .■/-,. ' .’ /'■* ; • . ‘
■; Removing the plunger .'from the mould* the : t wp bolts’ fixing 
the walls of the mould to its base were unscrewed. The side 
screws of the top mould were; taken off .and its two side parts. / 
word; removedo /The soil pro 3ecting from the lower mould was 
chopped off by us ing the steel strai ght-edge * : and t,he t op 
; of the soil was coated with a thin film of oil -to prevent// /// 
evaporation of moisture from the specimen before, and during 
the . tension test. The lower mould with the compacted soil • 
was weighed to the nearest 0.- 5. g. and its side screws were ' 
taken off so that the, two parts could be removed. ■ //
. The brique tte * which had a smallest/section l;in./x:
1 in. * was put in its position in clips (A) and the bucket 
was hung to the hook at the end of. the ..rod fixed to the. lower 
clip.,1 •;. The. clips -.and the briquette, were.', set in a vertical 
direction. At/this stage leg (l) of part (D). was resting on 
stop (C) preventing the sand from flowing. Tor;start the/test*- 
leg (l) of part (d) was -set horizontally; / thus allowing the 
sand to flow to the bucket and load the briquette until it was 
broken* Eventually* the lower clip fell on leg/ (1 ) of part 
(D)* which pulled out tongue (G) during its rotation towards 
stop (c) and 'instantaneously cut/off the; f low' of/s-and./‘ /,/'/'/ .; ■
. / A portion from the inside of the broken specimen was-./ ' v
placed;
of the soil in accordance with the procedure explained in , \
■: Part 1. / ' • / " / y . V /* * t :
/■ 7'h-yVy;The: bu^ ts contents wasy we ighed to; the nearest
■§•: ounce; and the weight Was recorded../ The!-lower, clip with y,
! ^ he: rod connected ;to it was/originally weighed: hefore;!^xing 
dt in place, and was found to be 243 g. , i.e. 0.54 lb. ,To 1 
••determine the total tensile load, thi s weight should, be added /'r 
to the weight of the bucket and its contents.
lected, c leaned ! : !
and fixed, to::,the basevplate to$form. one?mould’l ^ ^ ^ ^ s x d e  ;wh^ |y;
:coate&ywithv-oil'/ars /specified heretofore^% portions^// 
of the broken specimen were removed and the remainder was 
ground by the rod and mixed with the wet soil which had been g 
• kept in the air-tight; containex* wbighefe!f- 7
water was added.!;/#The spil; was .then mixed and the whole process/
a nd determination of moisture 
content was repeated for; this moisture content and. increasing /
and its tensile strength dropped substantially.
ive efforts for the three clays. / < • . / ■
; Pdr ,the computation of the wet density, the volume of 
the lower mould was determined in c.c. by measuring the volume 
of wafer !•? /tb’!
were carried out and .the average volume was found to be 68.5 c,c.
’ V-1'Wr"/ -  v^v;iift/':>>/&:-^fv;?;;/"-:' :':; //;py•?!. •'■•( ::-■■■•■''■ ... l-t',.-!.?v .r^ /^ v',.;.:^^ . .'•;,i.i ; f fvV-y‘;'v':> %f- '.v-.- a .
:-ktis.r :.%■?• > : / > . » * . \ k r f f » : * : / >Y •-*>•**/•**^ -• SSHW^TXY / - ; ’ L *vr-'V • • : ' >;•. 1 - ' < ' ~ ’ * i . 1. *
J . The weight of the soil was determined in g. . j&? & 'V "
. .  •>. ' lY' Y, 3*5 Y *’Yv., -■> -cb* y ty , -  v- ;• •.  ' * i t; *\If W * Weight of compacted soil in g*kV\ ;\:Yr' . y ‘ 8 ? ; . k j y \
,  ■* - Y  , .  "
l l i l i l Y Y M f f Y H I / l i i i
yy ;!W //// i' '//Wet- dens i ty 
: '  . . . . .
,W
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" COMPACTION OP CQHESIVE_ BQIL5 
■ /VCompaction of soils of ail. types/under static loads has . 
been widely investigated since the early time of the cognition 
of the compaction theory as indicated by work done by /y/::' 
Zimmerman in/1935. (li)V- Hogentpgler Jr.'; in 1936 (16), and // • 
others whose papers were summarized in Part I of this thesis* 
Hence y  the author f s’-work In this field'.As not a novelty, ' but 
merely a confirmation of .the findings of other -.'investigators. 
Furthermore, it was originally.: intended to investigate the 
effect of compaction,on ,the tensile, strength of/cohesive/soils 
and not the compaction property itself. ; Therefore, a brief 
discussion of the results of . the compaction test on the. three, 
clays/investigated is:given hereinafter* By the word density 
referred to in the for thgoing it is meant dry density unless 
- otherwise .specified.v- //.•/. • / •’//-.‘; y .y / . ' •/.'/yy / . //;//;/
: ■ ■. . / The .compaction cur'ves for the three clays compacted / 
under different compact ive efforts are, .illustrated in Figs'. 
109-118, which.:shows that these/curves Adopt;,the main features 
of compaction curves for soils compacted under dynamic loads, 
i.e./the density increases with the increase in moisture conten 
until; the optimum is reached .after which the. density, drops 
with further increase in the moisture content.. v For comparable 
moisture .contents, t he,;d ens i t y /of the/same; soil,, increases:with. 
the increase in the compact ive load. This characteristic is 
analagous to that of increasing/the height of drop of. the 
same rammer in dynami c c ompac t i on. /, //;‘/:// //-.- /’,'•/•;//.
/ ' ; , Table 25 indicates that the maximuni density of any' of /-
V * .  ' < ^  " !'' ^ -,1 i- ■ ' ? : ’ . v • ' . ! • . Vf4, - . * |  ♦ V  "'*"**;, • •• ' /  j / / / : ' ! ’ ••* = / • ' / / " *  V ' / - ' /  ^ : V' v’ v / / f  ’ /* /•  • ' i i / ■ : /  , \ f
the three clays .increases with the increase in the compaetive/ v
load. ..When the .maximum density is plotted "against compaetive/'
' ' - » load a straight line can be .approximated to pass between^ the ' ■
i Iresulting points as can be * seen.- in Fig;107. . .However, it Sg -/’<, 
should be noted that the linear relationship between the
^ / / •  - '  V / A v ?  • * • - /  % \ < v V t  / ' *  * / v ’ v . u f / / ' / /V  ’ • : /  / / { . / ♦ / ' .  / l - ' X / ' / H  . / ^ 5/> V ?
/ •: *V?J t V*‘f; ’;**•*'• i “/  .’Vi* *►' / /•. .//'• J/-/.' V-? '/■*maximum density: andvcompactiv/e load cannot be indefinite, and -y>: 
that there should be a'limit after which any increase in the 
c ompac tive load doe ©.not
.maximum density. Consequently, more tests are needed to find
the linear relationship assumption.; ./
ll • ' -' ' TABLE No. 25 ‘
Change of Maximum Density & Optimum. . ?' ;
*-i Moisture Contentnwith Change in Compaetive Load’//' % / /  1
Compact^//
",: ive /'/?;•1
Staines London///Clay///,. BIbe Logjbn / % } , : Clayey ■■/‘'//^ /,!^^ickearth".;>Load , * 
lb/sg. in ; ;M.D. lb/cu. ft
0-.M.D,//. M.D.- as 
ib/cu.ft:•\ ' t' *v '** < ' •f-/.'- •
O.MvC../
IM P :
M .i>./ 3E ; , 
lb/cU;ft
O.-M.C*;
S M i i i /
j25gr;/l$:2 ‘•21. id//// m m 21 ; ■:l-lp;y4;;V:> '* 16 • 4 " j107.8 ;20^ 0|;/f; 107*2 ■19i;2'/|/i 114.6 j; 15.0 1 4
/;75dS//:;:^/'/*< *f\* ' . k.’iff. * \\ V. 109.6 . |ll9w0/-| 13.-6//
k ; Density : Qptimum Moisture Cohterit./
,/:;-the/:^ t:intom:'moisture, content^showa///;!/ 
a decrease with the increase.in the compaetive load. Again r 
a linear relationship seems to exist between the< optimum ' '
-.'for' ,,an^bf
the three clays investigated as'can be seen !invFig. 108.* This
figure indicates also that the lines for the three soils ,
are: ^ hliniost/pafbile 1 ^///y:////' . v / /,/(k;/ / ' v y /"///V/yv ••,; ,*••;*/>./ *-.«*.*(. /A y \./’ ' I >T<* ,r : /syvy-1// *3-y'"••/.j *>}"/'!'••'•«•y M / / *>• . / * ' y'/y/; • /■ • / '/'it. J Y'V*• r.V • Y; *
, •.' •••:/;/ y Onev bf i;the•$trio st rema rifcab 1 b f ba tur e s of. Tab le. 25 yAsZ Yl/: Zy
, / / : / / ; ■ / / •  :; ’ft?/ / / - ; : •  ©VVy H
that, for comparable comipctive loads, the Clayey -Brickearth _ 
produced the highest maximum density and lowest optimum Y ’•/ 
yr^Istufe/cohte'nt/ytZy^ 
since the Clayey Brickearth soil contains greater amounts of 
X..Qb^ .se'3?.:pariiei:es as depicted by the mechanical, analysis 
curves of the different soils,, viz,." Fig. 106. Furthermore, 
ythe\pibstibl^ is/the-lowe^ ;
index is 28?? compared with 52?? for Staines London Clay and 
44?? for the Blue London C l a y ^  / ;f' * *
: s oi'i s--f step
p^aAlbi/td/t^Vwet yside^
indicates that none of the compactive efforts expelled all , ' 
the hi r  ^ ^ e tLfgb.er
the compactive load, the less is the air entrapped in the soil 
a s ;c:ari .vbe/<lh(M Aqbeness:- ofe
to the zero air voids curve, as the’compactive load increases/; 
for the same soil. , ; r
CONCLUSIONS. I I 1 / * ; ’ S  \ |K
1); K|:^ he; idensl ty ;of- clays,; .compact ed uu&er; the/s and 
Increases: with; j t h e o n t c n t s  until; 
the optimum moisture content is reached, after which any | 
^tft^Sr/l^feabS/'iny^^bv^oisture o ontent results in a decrease 
in the density. * if * ' , , 7
soil*1
77'777;jii,-••<.-■-V y '.* ■'it-,* V/*/*' >/;Y>' '-*r 'V7-::,-'77'\7f'^ 7rv * .'*\3’*/:vy.-’^ >j9At'ZC^Y 7/Y\Y7/yv/vY
■ *•*- / / / /  ■■'■ ' • / ’ ‘.y ,*V 4,-v .*.-* .■’ Y * /  . •**/?; Yv» \ *-••*,'v * y y . y  „,• y y / ' ,  -•'z • Y y ^ Z w *  , |Y V  v * y  Y Y  Y Y * '/ / * * *  r / 7 v »* Z Y ± Y ’• v / Y * v - J v / s ’* v ^ -•/•
2) Fdr comparable moisture contents^ thb. higher the// 
7*<^adtive /load ,;: the/greateiyl^
. ;3'j);tY For .the1 ;same c lay ,V the maximum .dens i ty increases ahdYY#g/
- i8p yi *i|r
the increase in the compactive load. ) However, this linear 
/pe.i£$i.Q:h.afrI^
.experiments* v } . v ; , . ,y\ v v / ’ -7 £ v '
4) . . For comparable compactive loads, the Clayey. Brickearth |v 
vshdwed/Ijtjp^YlK^hebt/^xira^Ydensity and lowest optimoim moisture 
content, of the clays investigated. ; 7, . y 1 , 1
5) None of the compactive loads could expel all the air
 ^entrapped :/in;7he;/7
volume of air entrapped decreases with the increase in the77;‘ 
compactive load.., :7‘" v Y s' • • - *''* -  ^7* - y ; Y 1’
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DISCUSSION OF TENSILE STRENGTH OF COHESIVE SOILS.
a) Effect of Moisture Content on the Tensile Strength of
Compacted Staines London Clay,
Before commencing the discussion of the results,of the 
tension tests, it would be necessary to define the. new term 
tension curve, which is the curve that expresses the relation 
between the tensile strength of a compacted clay and its 
moisture content.
Tension curve Fig.109 for the Staines London Clay when 
compacted under a static load of 250 lb/sq.oih., shows that 
as the .moisture content increases the tensile strength contin­
ually increases at an increasing rate. For instance, when 
the moisture content increases from 10% to 12% the tensile 
strength increases from 6.5 lb/sq. in. to 8.4 Ib/sq.. in., i.e. 
with an increase of 1,9 lb/sq.in., but when the moisture 
content increases to 14$, the tensile strength increases to 
11.2 lb/sq..in, i.e. with an increase of 2.8 lb/sq. in, which 
is 0.9 lb/sq.in. greater than; the previous increase. The
same characteristic continues until a moisture content is\
reached beyond which a further increase in the moisture content 
result© in a decrease in the tensile strength of the soil.
This moisture content and the correspoding tensile 
strength will be defined, the maximum tension limit and maximum 
tensile strength respectively. For the example under discus­
sion, the maximum tension limit is 21.1^‘ar.d the maximum 
tensile strength is 29 lb/sq.in. A comparison between the
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compaction and tension curves Fig.iOO chows that the maximum , 
tension limit coincides with the, optimum moisture content
• for the soil under discussion However, this is not the case 
for all cohesive soils as will be.indicated later.
• Teh decrease in the tensile strength,beyond the maximum- 
tension- limit is at a decreasing rate. For instance, when '• :' 
the moisture content increases from 22% to 24$, the tensile 
strength decreases from 26.5 lb/sq.in. to 21.7 lb/sq.in., 
i.e. with a decrease of 4.8 lb/sq.in., but when the moisture . 
content increases to 26$, the tensile strength decreases to
17.5 Ib/sq. in, , i.e.. with a. decrease of 4.2 lb/sq.in. ,which 
is 0.6 lb/sq. in. less than the previous decrease# '
The t ension curve shows, that the same tensile strength ; 
can be attained if the same soil is compacted under the s arae 
static load, but mixed with two different moisture contents. 
For instance, to obtain a tensile strength of 24 lb/sq.in. 
the clay should be mixed with a moisture content,of either - • 
19.6$ or 23$. The densities, as deduced from the compaction 
curve for these moisture contents.are 103.4 and 102,4 lb/cu.ft. 
respectively. This , indicates that the specimen of the* lower 
moisture content and higher density gives the same tensile 
strength as that having a lower density and higher moisture 
content. Hence, it may be deduced that if the density of 
two specimens compacted under the same static load is the same, 
the specimen which contains greater moisture content should 
have higher tensile strength. This is quite true as exemplified
... . ■ ~  142 - ■ •• - ■ •; : •
by the following illustration, For a density of 103.4 Ib/ou.ft
the two moisture contents to obtain this density are 19.6$
and 22.5$. The tension curve shows that the tensile strengths
at these moistures are 24 and 25.3 lb/sq.ih. successively.
' \All the afore-mentioned characteristics may be attributed
to the surface tension of the water in the soil as explained 
hereinafter.
It is contended that the more the moisture content of 
a compacted soil, the thicker is the film surrounding the 
soil particles and the more the interlocking between the 
outermost layers of these films. Consequently, there will 
be a surface tension created at the joining points between 
the films, which resists the tensile load, helping to increase 
the tensile strength of the’ specimen when its moisture content 
increases. Furthermore, the density of the soil increases 
with the increase in the-moisture content before the optimum, : 
and thereby the tensile strength of the compacted specimen 
increases with the increase in moisture content at an increa­
sing rate.
This phenomenon is analagous to the well known floating 
needle experiment,-in which pins are thrown into a cup full 
of water until it is at the point of overflowing. A. convex 
surface is then created. At this stage, the pins thrown in 
do not sink easily due to the surface tension in the convex 
surface. Likewise,' if5 some of the pins in the glass .under 
the convex surface are attracted out by any means, there 
should be some resistance against pulling them out, and unless
the attracting force overcomes the surface tension of the 
convex surface, the pins will not he pulled out.
The same criterion continues until the optimum moisture 
content is reached, after which the picture is quite different, 
as the pressure of the entrapped air seems to play its role.
This pressure is considerably high for moisture contents greater 
than the optimum, and thus re duces the effect of the surface 
tension of the increasing water. Besides, the density of 
the specimen decreases at a decreasing rate and thus the 
tensile strength should decrease at a decreasing rate,
Again, the surface tension is responsible for the
greater tensile strength shown by a specimen, over another
having the same density but of higher moisture content.
b ) Effect of Increase in the Compaetive Load on the Tensile 
Strength of Staines London Clay
On increasing the compaetive load to compact the speci­
mens before the tension test, all the characteristics described 
heretofore, do not change. These characteristics have been 
fully discussed and they do not need ary repetition. It is 
now left to compare the results of the tensile strength for
all the compaetive loads.
For comparable moisture contents, the increase in the 
compaetive load results in an increase in the tensile strength 
at an increasing rate. For instance, curves Figs.109-111, 
show that at a moisture content of 10$ the tensile strengths 
in lb/sq.in. are 6.5, 9.5 and 14.0 for compaetive loads of
250, 500 and 750. lb/sq.in successively. These values show 
that the increase in lb/sq.in are 5.0 and 4,5 for the two 
successive increases in the compaetive load.
It is also noticed that the maximum tensile strength 
increases with the increase in the compaetive load. Table 
26 shows that the maximum tensile strengths in lb/sq.in. are 
29, 40, 51 for compaetive loads of 250, 500 and 750 lb/sq.in. 
respectively. Apparently, the increase is constant which 
assumes a linear relationship between the maximum tensile 
strength, of this clay, and the corresponding compaetive load 
as shown in Fig.112,
TABLE No.26,
Maximum Tensile Strength of Staines London Clay 
for Different Compaetive Loads.
Compaetive Load lb/sq. in. Max*Tensile Strength lb/sq.in.
250 ' ’ 29
500 40
750 51 '
The change in the rate of increase in the tensile 
strength of clay, for the increase in the, compaetive load, 
from an increasing rate for moisture contents below the maximum 
tension limit, which,is the optimum moisture content for the 
clay under discussion,.to an almost constant rate at,the 
optimum may be attributed to the action of the high pressure 
of the air entrapped in the voids at the, optima.
c) :Bffect of Com-paetion on the Tensile Strength of Blue ; ,
. London Clay.
Figs. 113-1151 for the compaction and, tension curves 
of the Blue London Clay* show very clearly that this clay 
exhibits all the characteristics discussed in the foregoing 
and pronounced by the Staines London Clay. Hence the inter­
pretation offered for these characteristics can '©till he 
adopted without any need of repetition. However* a brief 
comparison between the results of the two soils is necessary.
; ‘ , TABLE No.- 37- : .
' Maximum Tensile'Strength & Maximum Tension Limit, for 
•" Staines & Blue London Clays , ;
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Compaetive 
' Load
Staines London Clay Blue London Clay '
lb/sq; in. M «, T. S. g£ 
lb/ s q. in.
M.T.L. /
• *9 '■
M.T.S. $ . 
lb/sqbin.
M.T.L. / .
250 29 ' 21.1 25.2 ■ ■' 21.0
. 500 , : 40 20 36.6 19.2 ’ '
750 51 r 18.4 48 • 18.0 ‘
3£ M.T.S. « Max.Tensile Strength / M.T.L. - Max.Tension Limit.
. *; Table 27 shows that f or comparable compaetive loads 
both the maximum tension limit and maximum tensile strength / 
are lower for the Blue London Clay. However* the highest,:' 
difference in the maximum tension limit is 0.Q% when that for 
the maximum tensile strength is 3.8 lb/sq. in. which are not 
very substantial. This may be attributed to the. difference 
in the plasticity of the two clays as indicated by their ’ '
plasticity index which is 52?? for the Staines London Cloy and 
44?? for the. Blue London Clay. /
d) . Effect of Moisture Content on the Tensile Strength of
00111000ted Clavev Brickearth. Y 1 .
Tension curve, Fig.116, for the Clayey Brickearth wheft 
compacted under 250 lb/sg.in., shows that the tensile strength 
increases with the increase in the moisture content at an y- 
- increasing rate until the: maximum tension limit is reached '•/ . 
after which further increases in the moisture content result 
in a decrease in the tensile strength at a decreasing rate.
This characteristic resembles that found for the Staines and 
Blue London Clays. However,.the maximum tension limit does 
not coincide with.the optimum moisture content, as the former 
is lower than the latter, .For the compactive load under 
discussion, i.e. 250 lb/sq. in., themaximum tension limit and 
optimum moisture content are 14.4?? and 16.4?? successively. '
This may be attributed to the fact, that this , type of clayY
contains great amounts of the coarser particles as Indicated 
by its mechanical analysis curve, Fig. 106..
e) Effect of Compactive Load on the Tensile. Strength of 
Clayey Brickearth. •
By increasing the compactive load to compact the Clayey 
Brickearth before; the tension test, the main character istics 
explained for the lower compactive load do not change, i.e. 
the tensile strength increases with the increase in the moisture 
content until the maximum tension limit is reached after which, * 
it decreases with further increase in the moisture, content. y
Again, the maximum tension limit does not coincide with the: ■ 
optimum moisture content as can he seen in Figs. 116-118.
• For comparable moisture contents, the tensile strength 
increases with the increase in the ooinpac tive load at an . 
increasing rate. For instance, at a moisture content of 10% 
the tensile strengths in lb/sq.in. are 10, 14.3 and 22.0 for 
compaetive loads of 250, 500 and 750,lb/sq.in. . successively.. - 
These values show that the ^ increases in lb/sq. in. are 4.3 V-/ 
and 7.7 for the two successive increases in the compaetive load 
, Table 28 indicates that the maximum tensile strength ; 
increases and the maximum tension limit decreases with the.'V ’ 
^increase in the compaetive load at an almost constant rate / 
for both. . Accordingly, a linear relationship may be assumed / 
/between either the maximum tensile strength or maximum tension 
limit, and the.corresponding compaetive load as indicated by/ 
Figs. 112 -and 108 respectively. / ,/ . ‘ ; /••/ . / •
. A comparison between Table 27 for results of the Staines 
and Blue London Clays and, Table 28 for! the1 Clayey Brickearth,' 
shows that the maximum -tensile strength of the latter is lower •; 
for the same, compaetive load. - .This again may be attributed 
to the coarseness of.the particles which constitute the Clayey/ 
Brickearth, and. its lower plasticity. / It is contended th^t 
a coarser soil contains a lower number of particles per unit 
volume, than a finer soil contains. Consequently, the number 
of contacts between the films which surround the particles of 
a coarser soil should be less, and hence the resistance of their 
surface tension to a tensile load decreases* For this reason -
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sands exhibit a real though extremely, low tensile strength ‘
when wet, depending on the size of the particles. However,.
even this small tensile strength vanishes when they are dried.
AY. • '' TABLE ho. 88 - *
, Maximum Tensile Load, Maximum Tens ion Limi t and Optimum 
Moisture. Content for Clayey. Brickearth
Compaetive 
Load ' • 
lh/sg. in.
■ Max.' Tensile 
; Strength 
lh/sq.in.
Max. Tension 
Limit ,%
Optimum Moisture 
.* Content . %
250 \ ,v Y; 14 />v 14.4 . r; 16.4
500 .23 13.6 . 15.0
750 . ; 31.6 12 • 9 . 13.6 . \>
‘ . • f ) .COLLUSIONS. .• . • ; • ' Y.Y'y ;
■ l) The tensile strength of a clay compacted under the same
v- ;v compaetive load increases with the increase in the moisture
• • ; content at an increasing rate until the maximum tension limit
is reached, after, which the further increase in moisture 
r : results in a decrease in the tensile strength at a decreasing ;.
rate.: ;; ' .;// ’’ ■/ V. . ■ ' V;:'" '
*• .!. 2): An increase in the compaetive load results in an increase
. -' in the maximum tensile strength, and a  decrease in t h e  maximum
tension limit of the same soil. . . . , • .
3) The relationship he tween either of the maximum tensile
• . strength or the maximum tension limit of the same soil, and the
’V  compaetive load, can he expressed linearly. This conclusion
is only. tentative‘and needs more experiments for its justifi- 
v ; ; -• cation.; ; Y / '' Y, . > ;Y • . . Y ‘ /.
4) /The maximum tension limit, and optimum moisture content
• • . y 7 ‘. ’"V “ .'v - 150 -;/V ;,7': ' 7 ■
coincide f or the Staines- and. Blue London Clays regardless of 
the compactive load. * / However, this is not. true for the Clayey / 
Brickearth as the former -is always less than the latter. ;
5) For comparable compactive loads, the Clayey Brickearth 
exhibits the lowest maximum tensile strength, when the Staines 
and Blue London Clays show the highest maxtoum tensile strength. 
However,,the strengths of the Blue London.Clay are slightly 
lower;than those of the Staines London Clay,
6) An interpretation has been given for the different 
characteristics pronounced by the tensile strength of the 
three clays investigated.
7) More work is needed in this new but important field
in soil mechanics. : ' - • y. ' • , ' \ • / ’ ■ ■
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v : When the tensile s trength-plus 10, is plotted on a log- 
scale against the corresponding wet density on ordinary scale, 
for any of the three clays investigated, for all moisture 
contents below the . maximum tension 1 imit, a straight line ean 
he assumed to pass between the resulting points as shown in ■
Figs;119-121o The e quailons which express the relationship 
between the tensile strength and wet density, as deduced from 
the straight lines, are as follows ,y\Z- ■ V. \v
For Staines London Clay; , , . .
T =  0.20T2 x 10°*0186 Dw - 10 ..... (5.1)
For Blue London Clay ; / : ; ; • *. . y / /
, T = 0.2343 x 10°*0184 V  ~ 10 / v   (5.2)
For Clayey Brickearth / /Z/'Y \
T = 1.0185 X 100,012s -Vv _ 10 .. ..... (5.3)
wherein T; » Tensile strength in lb/sq^in. '. - . /
; ; v. V Dw = Wet Density in lb/cu.ft. \ Y. . '
The curves for equations; (5.1), to (5.3) are plotted in 
Figs• 122-124. ; / ■ '* Z- ‘ ..
It has been pointed out,•in the introduction to Part II 
. • of the present investigation, ..that earth fills constructed of / Z 
cohesive, soils should be compacted to the extent that the 
tensilestrength of the resulting soil is higher than the / y 
tensile stresses acting at the top zone of the fill due to its 
own weight. Z; Thereforethe control of such fills during V 7
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construction .should he “based on the tensile strength require­
ments, 1 and not on a relative density as usually specified.
Since 'darth . fills are compac ted at. the; optimum moisture /. 
contehtjWhich coincides.,with the maximum tension limit for 
fine - soils, it is suggested to use equations(5.1 to 5.3). or 
similar equations ..as means to control the construction of fills
comprising cohesive soils as explained hereinafter. V:; - i . ,
• * * .  * ‘ '  '  * . '  *
• *■ *** * * '  M  *» .  * . {  '  *  * Y  * • '  v ; fc m 'i , ^  '  *■ . . . , * - * ' ■ ■ * •  • /  .• At first, aif‘equation similar: t'o' equations-r ( 5 . 1 to 5.3) 
should he, established by several determinations of the wet v  
density and tensile strength of a sample of the clay which Y
will he used in the construction of the fill. These
determinations are carried out in the laboratory for \ 
different c ompactive efforts. During the construction," the > - 
wet density of the soil in situ is usually determined.:</ ■ 
Substituting hy its value in the equation, or. in its represen- 
tative-curve, the corresponding tensile strength can be found*
. The tensile strength is then compared with the: .theoretical ■ 
tonslle stress of equation (l.l). If the tensile strength 
of the' fill ;is lower than the theoretical value, the soil 
should be given more, compaction* Its tensile strength is again
determined from the equation, and checked until it attains Y':Y 
the required strength. • YY“ Y / >. , •
; The author has not had the chance to measure the tensile v 
strength, and the corresponding wet density of undisturbed 
samples of clays from old compacted fills,.to correlate between 
the results thus obtained and those obtained in the laboratory Y 
on disturbed samples. Hence, the method of control described 
heretofore is tentative and heeds. further investigations
.V';; •/ ■ 77"77' . 7/7/_ 1 5 3  ~ 7 7 7  -'/ Y Y v Y  r7  /y ' - Y,, V ;:77; yv/V/Y 
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:; GENERAL DISCUSSIONS AND CONCLUSIONS. Y7'-: 7" 7v
Froin the foregoing discussions for] the results of the : Y
three clays; tested, it can be seen that some clays exhibit; Y - • • 
higher tensile strengths than others when compacted under the v; •; v,
. same conditions and same compactive load, depending on the / v , / 
amounts of the fine particles:that constitute the clay. /. The 
finer the soil the greater is its tensile strength. For v: Y :Y 7
instance, the Clayey Brickearth, which is the coarser clay 
u sed in the p re s ent i nv e s t i gat ions , has t h e !  owe st tensile / y •
. strength. Consequently, clays can be classified according ' . ;. / 
to their tensile strength-for use in earth structures in which 
tensile stresses take place and are predominating factors .. . y Z y  
\ towards their failures, e.g. the top zone of earth fills. Z Z
Hence, measuring the tensile strength, clays which exhibit /.
'lower strength that does not c ope with the tensile stresses Z.Z; : :
should be rejected, if other clays having superior tensile
strength are available and economical to use. /Otherwise, the 
design should be chauged, taking into consideration the detri-. 
mental effect which would take placeif a clay inferior of its 
tensile strength has to be used. • . : Z
The present investigation has also shown that the, tensile Z. 
-strength of a ;certain clay can be improved by increasing the ’ 
compactive load. Consequently, the measurement of the tensile ;Y  . 
strength of a certain clay under ! different/compactive loads, •///••. 7 
leads to the selection of the suitable compactive effort which, Y y
should be used in the field to give the soil the.tensile 
strength needed*to satisfy the stress requirements. *
The fact that a maximum tensile strength .of 51 lb/sq, in, 
for the. Staines London Olay can be attained when compacted ■ 
under a load of 750 lb/sq.in. only, indicates the importance of 
this property and the necessity of carrying out further inves­
tigations, It appears that this tensile strength, i.e* 51 
lb/sq. in., may be higher than the shear strength of the same 
soil when compacted under the same compaetive load. However, 
no literature is available; to justify this claim, which indic­
ates the need of further, investigations on this line.
Equations (4.1 - 4.3) which express the relationship 
between the tensile- strength of a compacted clay and its wet 
density,, show that it would be possible to control earth fills 
constructed of cohesive.soils to satisfy the tensile strength 
requirements as has been explained in the previous*?, chapter. 
However, the method suggested therein is only tentative and 
further research is required for its confirmation,../
The importance of the determination of the tensile 
strength of cohesive soils that constitute earth fills behind 
retaining; walls, and for unsupported vertical banks, has been, 
already emphasized. Such determination will lead to the 
accurate estimation of the earth pressure on retaining walls, 
and the correct critical depth to which a cohesive soil can be 
excavated vertically without support.
Finally, it should be noted that further investigations
are required to show the,effect of weathering:on, this import­
ant property.
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•' STABILIZATION OF LONDON OLAY WITH CHEMICALS v.
■'.V.’■’/ chapter i -iM,
• INTRODUCTION AND PREVIOUS WORK(! - -
INTRODUCTION, ' ‘ r-, • • V..:.. - ' • >. • ^
Soil stabilization in its widest sense is the science : '
(64) & (65) which deals with any physical or chemical or any . /
other method to improve soils in order to serve better for the 
intended engineering usage. Thus it mainly includes the: •
v improvement of soils with the afore-mentioned’ methods for the - •’ i • 
construction of bases, sub-bases „and surface courses for roads — 
and highways and their permanence against climatic forces, i -
i.e. moisture variations, frost, action, thawing.. .etc*, to ,
• • . carry their specified loads* ‘ V- ' •
According to Hogentogler and Willis (15) such methods ; ; . 
. could be achieved as follows : ; '  ^ ■'
-i) . Mineral, aggregates and soli constituents of the character. ’ : '
•' and . size required to make graded mixtures stable, -
’ - if) Moisture- retentive chemicals such as calcium chloride and 
common salt to provide soil binders with enough moisture to. 
facilitate the; compaction of graded mixtures witli traffic. . , 
yiii).Solutions of electrolytes, • such as calcium chloride-, / ::: 
common salt, sodium hyposulphite .,.etc., to reduce the thick- V 
ness: of adhesive water films round soil-particles and thus i : 1
provide, stabilized mixtures with greater density.
: .iv) Primes and fillers such as soaps, stone;dust5 and slag to
increase the adhesion between mineral constituents and the 
chemical and bituminous admixtures and thus assist in retain­
ing the benefits the admixtures were expected to furnish, 
v) Neutralizers, such as limestone dust, slag, hydrated 
lime ...etc., that serve to alkaline.acid soils and thus pre 
prevent the loss of stabilizing chemicals caused by detrimental 
base exchange. •
,vi) Water insoluble binders such as Portland■ cement and 
bituminous materials to furnish films more substantial than 
those of moisture alone and to destroy permanently the colloidal 
properties responsible for detrimental volume change in soil 
mixtures.
According to Winterkorn (64), the following two methods; may 
be added : ' * '
vii) Fusion or thermal stabilization in which the cohesive soil 
is baked in situ or in kilns to be subsequently employed as 
artificial aggregates for granular stabilization.
viii) Electro-chemical hardening involving water removal by^  
electro-osmosis? altering of surface-chemical properties of 
the soil and possibly, destruction of some of the soil 
constituents with resultant formation of cementing substances.
PREVIOUS WORK,
Soil stabilization was quite known and practised as an 
art thousands of years ago since the invention of the wheel 
and carriages, which then required more wide and stable roads. 
Examples of such stabilized roads arp- those of the Ancient 
Romans who used thoroughly compacted mixtures of lime arid 
natural soil.materials to form sub-bases of the Via Apia (6.6), 
The art has been developed according to the requirements 
of mankind from its primitive application to a well basic 
science, ’The following is a brief review of its development 
in certain fields to the present knowledge. Since the present 
work is intimately related, to stabilization of soils with 
cementhydrated lime, and waste liquors from the paper mills, 
the present review is confined to such investigations connected 
to them. . -
As early as 41910, Hubbard (67) published some results, of 
the crushing strength of different rock powders mixed with 
concentrated sulphite liquor from the wood pulp industry. These 
results showed that the crushing load of 25 rom*dia. x 25 mm. 
specimens increased from an average of 370 lb. for the untreated 
specimens to an average of 2300 lb. for the treated ones.
All specimens were allowed to dry in air for 20 hours and then 
in a hot air bath kept at about 1 00°C for 4 hours and then 
allowed to cool in a desiccator.
However, he found that the treated specimens, readily slaked 
when immersed in water and suggested to incorporate with the 
sulphite liquor some material which would make insoluble residual
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base after drying.
The original tests to determine the effect, of treating 
earth roads with lime, were conducted by University of Missouri 
.and by the U.S. Bureau of Public Roads in Iowa & South Dakota, 
(68) since 1924. Then these were followed by Ohio State 
University, University of Illinois and Wisconsin State Highway 
Department. The. results furnished by this early work were 
not practically promising (69)*.
Actual field experiments for the treatment of subgrades 
under concrete pavements with different .admixture of cement or 
lime, were initiated in the State of Ohio in 1924 and reported 
by Eno (?0). The total length of cracks of the pavement per 
running foot was considered for the comparison between the 
results. = •
In 1925, G-oldbeck (7l), pointed out that the addition of 
5% of hydrated lime or Portland cement to the soil decreased 
the volumetric change due to variation in moisture content and 
increased the bearing value of. plastic soils containing up to 
a limit of their capillary moisture*
Reporting on. the previous work done for the stabilization 
of soils with lime, Conner (68), in .1926, stated that lime 
treatment stabilized heavy clay and silt soils by making them 
gxvmular in structure, thus losing their stickiness and plast­
icity and rendering them capable of sustaining normal traffic 
loads without failure when wet. The amount of lime used based 
on the dry weight of soil ranged from 2-5?/for-6 in. thick bases. 
Investigating the possibility of stabilizing the top soil
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or sand clay found in South Carolina at low cost, Mills (72), ' 
conducted a series of tests on mixtures of Portland cement 
and these soils. He concluded that Portland cement would 
stabilize certain types of soils to appreciable extent and 
that it destroyed the plasticity of clays.
Experimental work both in the field and in the laboratory 
for the stabilization of fine sand, silt and clay, was. reported 
by the same investigator (75). The amount of cement used was 
7^ 2 by weight. The compressive strength of cores from stabil­
ized roads was found to be 480 lb/sq.in., after 86 days of . 
construction. The cores, were stored at room temperature for 
48 hours after coating with a mixture of Ltiffinite and Portland 
cement. Accordingly, he came to the conclusion that treatment 
of soils with Portland cement was possible and economic fox* 
light traffic roads in South Carolina.
Durability tests, ,i.e. wetting and drying, or freezing 
and thawing, were/carried out by Housel (74), on different types 
of soils., i.e. , sand, sandy loam and clay, and mixed with diff­
erent percentages of Portland cement ranging from 4 - 10%.
For 24 cycles of freezing and thawing, all but three.- samples 
showed 100?o loss or complete failure for .what he called cement 
voids ratio less than 12% f, The same results were
nearly obtained for wetting and drying. He tentatively con­
cluded that a cement voids, ratio of lb%> might be an indication 
for the suitability of a mix for. stabilization with cement.
Since 1940 to 1943, the California Division of Highways .
(75), built about 123 miles of-pavement base by mixing granular
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materials of many kinds with cement and covering the compacted 
base by 3 in. layer of bituminous surfacing. Laboratory and • 
filed tests showed that such stabilization was very satisfactory, 
The criterion used was a ‘compressive strength of 850 Ib/sq.in. 
at 7 days and 1000 lb/sq.in. at 28 days. However, tests on 
cores from some of the finished projects showed that certain 
bases which were giving satisfactory service under heavy traffic 
had compressive strength of 400-500 lb/sq. in.
Mo Chih Li (76) published the results of his investig­
ations of the treatment of -soils:' of different, plasticity indeces 
ranging from 5 - 2 4  with amounts of either lime or cement 
ranging from 3 - 15% by weight. Table 29 indicates his results 
of 8 cycles- of wetting and drying.
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TABLE No,.. 29,
Durability Test of Lime and Cement Stabilization
%age
incorp-
oration
Soil A 
P.l. 7
Soil B 
P.l, 8
Soil C 
P.I.10
Soil D 
P.l,12
Soil E 
P.1.14
L C L C > L C L C L C
. 3 100 29.4 60 9,3 4.5 3.1 9.9 1.2 100 4.2
6 40 25.8 19.4 ■7.5 2.8 2.2 1.4 0.5 4.6 1.6
9 13,5 17.7 5.7 6.3 1.0 1.7 0.8 0.4 0.3 0.4
12 . 4.4 14.0 3.1 4.1 1.0 1,3 0.7 0.3 0.2 0,3
15 0.5 5.0 0.2 0.8 0.6 0.9 0.2 0.2 0.2 :0.1
P.l. K Plasticity Index, L = Lime, C s= Cement
. r - i I I it
It can be seen from this table that for 3 and 6% of 
either admixture ? cement is superior but for higher %age of 
either,admixture, ive* 9, 12 or 15% 9 lime is generally superior.
‘-161:4;.., V Y ;  ; / ; ■ ,.7“/' /,
:• Jackson (77), showed that the addition of 1 - 2% :of /
■ slaked lime to a soil containing a normal proportion-of 
exceptionally active clay and originally mixed with . 5% of ' 
special petrol oil, improved the waterproof of the soil without 
affecting the soil grading and thus its stability. For the 
capillary water absorption test 300-400 g. of :the waterproofed - 
soil were ‘ compressed in a 2 in. dia. mould Under 3000:1b. "
• pressure*.• The bottom of the specimen was wire brushed. After 
sealing the sides and top with paraffin wax, the specimens 
were/immersed ‘in/water to a depth, of 2, rums. in a closed ■ 
atmosphere saturated with water. He considered that a .water . 
aipsorption of .15 gms* in 14 days or 20 grns. in 28 days as - 
indication to the suitability.of an admixture, for waterproofing.
In.Austin, the stabilisation of local materials,: i.e. ; 
granite raid limestone, -gravels,;, was reported ’by Dockery and 
Manigault :(78) . to.be successful. They pointed out that 2.5 - 
3% of >vas.te or commercial- lime showed a reduction in t h e - 
plasticity index of the clay binder and that the effectiveness of- 
a lime admixtnre depended upon getting it uniformly distributed8 
; From their, extensive work, on the stabilization of soils, 
with lime, McDowell & Moore (.66"). arrived at the, following 
conclusions s Y-- : • *.* "
:.(i) Soil lime .stabilization has a definite ‘ application in, 
highway construction for the improvement of certain:subgrades 
and flexible base materials. ‘ f /' Y v ^ ' - Y  J Y \ 7  v Y ' Y  
(ii) Many natural soils are suited to lime stabilization.
The identical; material, used should bc-r sub jected/to preliminary
V . - i : ‘ / • ^'i62:'~-'[yU yy.-’ . •';.•;y■.V'-yy^’-y *
•'• .. . .. 11 physical tests. , •'••• * y - ' v: i-.v
: - (iii) Good proportioning and mixing of constituents are ; .
-advantageous.. - . ' ■ * ,  . ' , ' / ’•'* ;
(iv) . Compacting moisture should be. at, or slightly below,.- •.
the.\optimum moisture content for the compactive effort employed,:
. . (v) . A high degree of compaction is of critical importance. ;■/
(vi).; ’ Suitable procedure ofv.curing is. important. : V 
; , (vii) Application of a wearing surface is desirable. . • - ‘
The compactive effort used in;their‘investigation was : .
double-the standard Proctor, test, ' .* y 1 \ y •. : , ■
' *, Laboratory , experiments by Johnson (79), showed that the ‘ ;
- addition of 2 ~ 6% of. lime markedly reduced the .plasticity index y y  
'v.of very plastic soils, slightly increased- and sometimes decreased 
:. - that of soils of Plasticity Index.<^15. - The -max, Proctor .
-I density decreased and the resistance to penetration.at a given 
moisture content increased. Lime dust was less effective in ‘‘ 
reducing the plasticity index of plastic soils than hydrated . 
lime. / •' -He found also that addition of lime to natural gravel '
V and gravel binder mixes increased C.B„R. after a period.of wet ./• 
curing and even ..strongly after a period of dry curing followed 
• by we t : curing. . '; ’A;
Allen (80),. concluded the following from his investigations 
y- : ‘ Of mixing soils with, either lime or cement t - ;
> (i) The. modification of fine grained cohesive subgrades with 
•; . ; ; lime or Portland cement • is practical. : / i •.•/' ■/. % ' .
; ( ii) , Natural ..soil .aggregate mixtures having high plasticity
indexes and satisfactory gradation; may be made suitable for base
course construction by addition of small . quantities of Portland /' 
cement or lime. ; .../ ‘ ■ ■’ ■
' Spangler (81), investigated the effect, of V ‘
' addition of amounts of slaked.lime or Portland cement (1 - 0?5 „
by weight) to a very old highly weathered montmorillonitic , 
‘material containing about 45^ of five micron clay. He found 
that better admixtures modified nearly all the physical prop­
erties of the soil, ■ i.e. plastic limit, liquid limit, plasti­
city index, C.B0R « e t c . , when the standard A.A.SJh 06 max. 
density was reduced. Such modifications were more pronounced 
at lower percentages for the addition of unslaked lime than for
the same percentages for the addition of Portland cement.
Galloway and Buchnan (82) concluded from their extensive 
work for the stabilization of clay soils with lime, that lime 
was most effective for the stabilization of clays having .
plasticity I n d e x 20 and that 10% of lime by weight would 
decrease the max. density obtained by the modified A.A.S.H. 0. 
r6,7% - 6%, depending on the plasticity'index of the. soil, and 
increase , the optimum moisture content 2% or Q% in some cases...
It was pointed out by Whitehurst & Yoder (83) that for a 
given lime content, increased compaction or greater density 
resulted in increased,resistance to freezing and thawing, and 
noted that stabilization of soils with lime in amounts 5% was 
not feasilbe. Moist curing proved beneficial, to the lime-soil 
mixtures.' .They noticed that the max.density of lime-soil 
mixtures was lower than that of the companion, raw soil, and it 
decreased with increase/in. lime-content, • / • ,
From his investigations, Hubutise (84) stated that there 
was a definite increase in the compressive strength.' of 6/in. x 
12:in. specimens of clay-stabilized-gravel mixed with 2% of 
lignosol (spent sulphite liquor); and/compacted to a density 
of 145 lh/cu.ft. at optimum moisture content,Y The specimens / 
were allowed to/dry to the required moisture content before 
testing. He. also indicated that the absorption of water was;
noticeably reduced for 6 fin. x 6/in. specimens coated with
/paraffin wax, treated in'the same way as mentioned before and'
• placed in ^ in. of moisture. / ■/•.-—
Quoting investigations carried out by Hardy, he mentioned 
- that the addition of lignosol. to a / frost susceptible soil 
practically, eliminated ice-segregat ion.
. • / Reviewing the previous work done for the stabilization '
of soils with lime, Wood and Yoder (85), stated that the early 
work was concentrated to the use: of small amounts of lime, 
varying between 2 and 10% 9 to modify the plastic properties of • 
clay-like soils and soil aggregate mixtures with a high soil 
content, and that it was only .recently that investigations 
were directed to measure the effect of lime on the compressive 
strength .and durability characteristics of soils. They concluded 
from their tests that time of curing was very important as lime- 
soil mixtures continue to gain strength and durability charact­
eristics after as much as 36 weeks* and that amounts of lime / ' 
ranging from 5/- 10$ is sufficient for/stabilization. /
From the experimental projects for the stabilization of 
natural granula base materials, Zube (86) found that treatment-/
of the "base with 2% of lime showed satisfactory results and 
produced stable base which carried comparatively heavy traffic 
during one of the wettest, winters. He came to. the conclusion 
that lime stabilization, when compared with low cement treat­
ment for bases or sub-bases, permits greater flexibility during 
construction as it is not essential that the lime treated material 
be compacted soon after mixing. - ' ■
. Chospra& Patwandhai (87) investigated the effect of . 
mixing lime, lime sludge from the., sugar factories, that, from 
tanneries and cement and found
(i) 8 - 10% lime sludge in combination with 3.5% lime aiid
2.5 - 5% cement can be used for stabilizing soils.
(ii) The stabilising efficiencies of lime-sludge and lime ' 
'appear to be dependent on their GaO contents ■ '
(ill) Initial drying improves the compressive.strength of 
compacts made of soils stabilized with lime sludge or.lime.
(iv) Lime sludge and cement mixtures can be used with• advan- .. ' 
tage for stabilizing soils used to carry moderate loads.
(v) Lime sludge and sodium silicate mixtures are superior 
to lime sludge alone as soil stabilizer. •.
Conducting freezing test on untreated and treated silts 
with 2 - 5% spent sulphite liquor form the paper industry,- ' : 
Hardy (88) showed that heaving of ^  in. dia. x i in. treated 
.specimens was reduced to less than 10% of that occurred for the 
untreated ones; under identical conditions. ;
Prom field trials for injection of 3 - 4% bf the spent 
lifuor into the soil he concluded that a treatment might be good
165 —
for at least three years, and possibly considerably longer, 
for average frost susceptible soils and moisture conditions.
Trying to seek a method whereby all local soils could be 
stabilized for the construction of temporary military airfields 
in the United Kingdom, Maclean & Robinson (89) carried out 
extensive tests both in the field and in the laboratory. They 
stated that soil-cement has the greatest potentialities, since 
it can be successively applied to a wide range of soils and 
climatic conditions as:- it is not susceptible to weather during 
construction than any orthodox method. They pointed out that 
such stabilization would successfully withstand the direct 
application of wheel loads of 5000 lb. and tyre pressure of 
160 Ib/sq.in. which is adequate for temporary military airports.
In the United Kingdom, soil-cement was considerably used 
for housing estate roads as reported by Maclean & Glare (90). 
Prom investigations concurrently run in the Road Research 
Laboratory, they concluded that the stabilization of a fairly 
wide range of clay soils with mixture of cement and a small 
amount of lime should be possible in practice. 1 5$ of cement 
and 2 %  of lime was used for the stabilization of a clay soil 
of 70$ liquid limit. Using rapid hardening cement, they 
successfully stabilized a sandy soil containing organic matters 
when ordinary Portland cement failed to achieve the same results
Reviewing the various investigations for. the stabilization 
of soils with .different chemicals, Manifort (91) stated that 
cement had proved to be the most generally satisfactory material 
for stabilizing fine grained material. With respect to lime,
he carried the view that the physical properties of plastic 
soils were consider ably modified by the addition; of small, . 
quantities of lime, as the plasticity was reduced and.soils.'** 
became more frlab le and much easi er;to mix and compact to 
uniform density.-;’ .// ■ • • <•/.
Barker Jr., (92), investigated seme factors affecting ■ 
the stabilization of a clayey silt with cement. :f: His conclu­
sions can be summarised as follows : ;
(i) .. The relationship between uniformity of mix and strength 
of soil-cements is a logarithmic one. " ‘ .
(ii) "The strength of soil-cement, varies directly with the I 
logj^of the accumulative energy for mixing.. This, relationship 
holds within the limits of test. . -• . ; ’ ’
. (iii) Relationship between mixing energy and uniformity of mix 
appears as a curve on a logarithmic plot for the uniformity :;i 
versus mixing*’energy, . • . •* • . T: ;
(iv) Other things being equal, accumulative mixing energy is 
approximately proportional to mixing time.i ;; '•. :
■ • 7 ; Y/Y Y :; Y / -  /168 VY*/7/Y : ■. / 7 ' ' YY Y / * /;/ Y 7 '; Y :• /•-'•
c l a y s. ■ . 7 , Y  ;Y y  Y/’/YYyy/Y  Y ,7 >Y.; - v 7p:y / y ;’;/ /Y ; Y Y :Y "
Y / ';/Yv A knowledge ,of the chemical.'composition and' physical 7  - 7
properties of ciLays is. necessary 'to/depict a .picture5 of what \ / 
is happening when- stabilizing such soils, and leads to a better /’ 
understanding. of the process of stabxlization. ; * /•/. , Y- /> >7 /:
Clay is an aggregate of microscopic and submicroscopic; 7-; 7:
particles derived from the chemical decomposition of rock :/
constituents (5). According to their mechanical analysis - .
. they are considered to be the fraction having a particle /size 
</0. 002 m. m. (41). ; Thus/ it constitutes the colloid particles /7 
which have an upper limit of 0.0005 m.m. (2 ). These colloids Y  
are responsible to most of the properties akin to clays due-to/ 
their great surface activity.' /• •, 7; - 7. • ' : :7 Y  Y ' Y .  / /Y : -.
7 / / Presence of clays in soils., [appreciably affects., the 7 7
properties of - such soils so that as little/as 10$ of clay alters 
a non plastic ©and to a -cohesive plastic soil, while a soil - //■
needs only 40-- 50$ of clay size particles to have all the ' 
properties of clay in the -generally accepted: sense (9 3 ). Y '■
Chemically, clays; are hydrous aluminium si licates , some r 
times with magnesium; or iron replacing part of the aluminium Y "/:,'; 
and with small amounts- of alkal iss/ (94). They occur in flat „■
flake-shaped crystals, which have/a layer lattice structure.. /
The widespread /prevalence of this flake-^iaped particle / in the :,;
; very fine fractibn© o f natural so ils  is a consequence of tbeY / -;Y: 
geological processes of so il formation (5 ). /. > ■ f * YY/ /;//•• / v 7  ,
7 In humid climates (69 ), chemcial/weathering causes the / 
removal of iron/and aluminium oxides by leaching, resulting in Y  . ..
soils containing relatively. large accumulation,,of silica.
0 lays .and hardpans ,• in which silica still predominates and the 
/, amount. of. aluminia; and iron oxides are-greater than in the . , ;
surface soil, are found below the leached surfaces, as.weather-- 
ing has not proceeded so . far . Such so ils' are termed podsols.
In humid tropical climates the. silica is leached out of 
the soil so that the Iron and aluminium oxide predominates 
-resulting in the formation of lateritic soils„ ' '*
The ratio of silica oxide (Si0o ) to the ferric oxide /' • 
(PeOg) plus aluminium oxide (A1 0S) is termed silica sesquioxide 
ratio and denoted by Rgoj where Rg0g a ’FeOg +■• AlOg. Podsols 
’ usually. have SiOg/RgOg of 2 - 6 or 7 and are acidic.consisting 
/. principally of highly water adsorbent .s.aale-like particles. • '
On the other hand lateri.tes have SiOg/RgO^ of 2 or less, are 
more nearly!neutral hnd consist .'.mainly of bulky or spherical 
particles. '-;/:d/ : • •/. / *.:v /•". . v  . ’ ...
The:three distinctive .divisions.of the clay mineral are 
(94) V •/;: ; •':•'/ . • . /•'•/. N '• •' •. . //--d 7; / ' ;/ /':'///;
( i) Kaolinite, : Is made of alternate ; silica ahd>-aluminium’ -
;layers and has the formula Al^Si4 Q1 0 (QH ) 8 * ; "It occurs in hex­
agonal flakes of minute size and forms the greater part of 
kaolin (china clay) deposits. It is also found in soils and 
1 sedimentary; clays, of which it f orms a variable and often small 
proportion.■ DIckite and Halloysite can be included in - this >
:group. - d. ' /- d _ ;. d/ / ; \' /..':///d \ d
(ii) • ; Montmorillonite :. is built up of three layer units, .. ../ 
comprising two silicon/layers separated by an aluminium layer
: -;V:Vv  ;/'v' -' :’ V . / ’ v. * v' v-rv .* V  v r o  v ; Vv V-. • • W -  V 7. -V V V .  V i
V';V V:’/: 'and' has the ideal formula Al^Sig Oq q ( OH) /..; ; ’ Some aluminium
.V- is usually replaced by magnesium or iron' and - small amounts of
:. . : sodium or calcium are then attached, The alkali atoms, when
V . p r e s e n t l i e  on,the flat surfaces or around: the edges of/the . I'
flakes and are exchangeable giving, rise to the high base-exchange 
’ capacity of the mineral. In addition flayers of molecular ' .
, water may occur between the three layer units. The mineral
: occurs sparsely in soils together with. Kaolinite:, but is the V:V /"'/;'
;: * chief component of clays such as - fuller Is. earth and bentonite. '
'/' (iii) Illite is built of units comprising;two silicon layers 
. ; separated by an aluminium layer, and forms minute flaky crystals : •‘ 
in a similar way to montmorillonite.; Some- of the silica ± s  V v 'I .
V /- ■ -replaced by aluminium, and atoms of * potassrum are attached, ’V - v
giving a general formula of the type : KxAl4 (.Si8^xAl^.)0 g0( OH)^, 
the value of/x varying between 1  and 1.5 „ Sedimentary clays . v';V 
are: mostly mixtures of illite and kaolinite with; some niontmor-, - 
- illonite. Shales have illite as dominant, clay mineral. illite 
• 'is probably the most v/idely distributed clay mineral in marine ;V:V
• V argillaceous sediments. / V W V ’ 1/;' VV'V • . . V;//. VV
.. The properties of each group vary because of the difference ;
of 'their surface activity phenomena; (82). V The phenomena is -V;
V greatest for the; montmorillonite arid least for the kaolinite/' V 
■ ' Such variation in activity is generally attributed to the ; V VVV
influence of the electricalcharge carried by the mineral particle/V 
VV/- with their surrounding moisture, films, their crystalline structure;
. and the nature of the.: -exchange, ions present. " / • - V'  .V
; / Each mineral particle is covered with films of water ‘ ,
, molecules on Its basal plane surface.-- h The first film; about
.rate by the binding phenomena so that .the bound, water film 
blends in to' free .water to form a halo-like, jachet - around each 
. clay particle. The inner film of the water halo is. termed • /
adsorbed layer. * ' V- .. % * ,. \//“■ '. •• • •' ■ • \
. This adsorbed layer is under high adsorption: pressure (65) 
which may be larger thari 25.00 ICg/sq, cm. ; Such pressure decrease 
to= about 50 Kg/sq.cm. at the hygroscopic, moisture content and ; 
decreases to - zero for water content at the. liquid limit. • /-/
: / Hygroscopic moisture content, plastic limit,•liquid limit
are 'bartiallv dissoei atefl i n t o  -t.be flnr>T>mmrl’i ncf .WFit.Pr». «rvtr*=»'i rvrS-»«
.1
i The' exchange .reaction may alfeo take place ,in ndh^aqiieotis 
environment or alcohol (98).
charged minerals possess •anion exchange capacity, since they ' / */.'/
. . are counter-acted by anions, / If the electric field is - of Y// :
• mixed character, the system possesses;both cation and anion
exchange capacity. - / /  • s / Y.7, Y-Y ; V 7 / ' 7.Y/:; 7 Y Y : Y Y
7  ; '. ” /•■ The intensity of. the bond, between the two depends upon. 7; 7;
the atom ■ constituting: the molecules of the clay particles and 7.;; 
' the arrangement of these atoms. V Such bond results, in an 77 Y : . '
'7 electro-motive force gen©rated by the dissociation.of the two 7
• •’ opposite charges. . The characteristics /of. the: adsorbed complex
depend upon the cation present and its strength.,/ V7 ' Y ' '• 7 
/:•••-• . Clays are known by the prevail ing cat ions on the sur f ac e'; - >; /
; .' /of the mineral particles^ Thus, ■ if. the calcium is the prevail- 
7;-- / ing. cation, the play. is. known as C&- /clay and: if/the. hydrogen ■"
; / .■• ;' is ;prevailing the clay is called; IiJ ’ clay' .. etc/ 7- ; ■ ; - 7 ■
1 <:' •,/■;? / : . / The ion exchange capacity is /usually expressed in milli- ’ ;/•,/■
equivalent/100 :gm. of - the. soil. The exchange capacity of the 7:7 
■' 7.- basic groups of clay is as f ollows : • / ■ /. //Y/.-\Y Y-. Y//.Y77/
•// //•77 '; - Montmorillonite , ./ • 60 Y  100 m.e./lOO gm. v-y/vy.
. ■ vlllite ;; ■ •; /•. '•:• /■• -2.0- -;,40 m.e./lOO gm. ;/: . • /,:
Y V 7'// ICaplinite / '7/7’ 7 / Y  /,.> 3 - -15 m.e./lOO gm,.; /. Y Y  -7 Y
-// This capacity varies;.with the particle size for clays 7 /  : 
having low / exchange capacities. •" ■/.... ' ‘ /•. 7 -^/,.;? Y Y 0:-/ /'
7 Y  / v\ Many :of/ the properties of the soil water systems such as/ : 7. 
- : ‘ plasticity,/ sensitivity, permeability and swelling vary with 7 7 : - / /
: the nature of the exchangeable, cations: (65) & (99). Thus 7 Y  ;Y;7
7  /•/, Nai clay has quite different properties than- cS± clay./ ■ . 7 ; .//■;/
7 : ; -/"The”, r eplaceability of one cation by another depends upon /'•
the valency of. the ion, total population of the, exchange • ■,
positions, the concentration of the repellant ion, the size 
and polarity of the ions and their hydration tendency.
The relative order of replaceability is as follows (82) s
The clay minerals can enter into exchange reaction with 
organic cat ions as well as inorganic cations, (98), (100) & (101) 
The ion can adsorb certain polar molecules and the swelling 
clay.minerals can then adsorb them on their.basal plane surfaces 
between the layers of the silicate units. ■ The organic ions / 
are frequently very potential replacers, tending to replace 
the inorganic cations. They tend to destroy; the water adsorb­
ing properties of the clay wholly or partially depending on 
the size of the organic cations. , :
Generally, the exchange phenomena are accompanied by •" -
other types of adsorption, varying from strongly polar to non­
polar type, of Van der Waals adsorption (100). Large organic 
cations may be held at mineral surfaces by both ionic and Van ' 
der Waals forces. • • V ; •••-.
.■ Soil constituents-are in close proximity to others on 
which they exert attractive, repellant, and orienting influences. 
The repulsive forces between the particles are mainly due to 
three factors : . - • ’ V V
(i) The mutual electrostatic repulsion of ions of the same
type of charge. . . / '•
(ii) Water affinity of the exchange ions which results in ' ■ 
their solution and hydration in tiie aqueous, phase.
(iii) The kinetic dispersion energy of dissolved ions.
. . ' - • ■ /.*• • • " . CHAPTER 2« , ' * /• ‘ /.. ; - - . ' • ; / >
PRESENT INVESTIGATION- ' ; /  ' .. ;
INTRODUCTION. v  * : . .
Soil stabilization in its present state is a new.:-' -
developing science which requires the skill and talent of the 
engineer co-operating with the geologist, .scientist, cheonist 
and bacteriologist. • - •'/• i ... ' • ■ V
Clays, ’ and London clay in particular, are the most diffi­
cult soils to stabilise due to the great amounts of colloids 
they contain, and which’have great surface activities; hence : ‘ 
great affinity fox* water which contributes to their swell, and 
. failure under loads. Such soils impsrt high strengths" when 
dry,.(.102) & (103), and stable ; If we11 c ompa c ted at suitab1e : 
moisture content, ; but ingress of:water causes their failure,.
An impermeable surfacing will prevent the ingress of water 
from above, and mixing the soil with a waterproofing agent 
will ‘decrease the absorption of moisture from the water table; 
thus the soil remains stable under -loads. ' \-\ •- ." ■
One of the objects of the present investigation was: to- 
find a chemical which could increase the. strength of London 
clay and reduce its high,capillary water absorption at low cost.
.. •-'-The -spent lye from the paper mills, both by the Sulphite 
process or Caustic Soda Process, is a waste which is very cheap. 
Accordingly, it was suggested that an investigation should be 
made to find the. effect of such liquors on the stabilization of 
London clay, as there was not much.work carried out with these 
wastes abroad; and nothing at all: in the United' Kingdom. V ' -' :
•' To the knowledge of the writer, no literature has been 
published for the. stabilization of London Clay with hydrated 
.-lime, although extensive work was .carried out in the U.;S.A..- • 
both in the laboratory-and in the field for the stabilization- -
of different soils with lime,. ;' \ : -
Lime is available in lax*ge quantities and at low cost
in the United Kingdom. Hence, part of the present investigatidu
*: was. .devoted to find the effect of- hydrated lime on the V v  / 
strength of London Clay, and its ability to absorb: capillary, 
moisture, . The preliminary results are. very promising and * 
justify; further work.. ' >•. . *'• •’ V V'- / • I
■; APPARATUS o ;v ‘ : . V, •
' Compaction.Under Static Load.- . . . -
. ; /v For this test, a split mould, of 2 in. internal dia.. ;
. and 6 in. high,'was used. It was f itted with a base plug of
2,in. dia. by 3 in. high, to give a final compacted specimen /
■ •*. of 3 in.'.high, and a collar at the -top of the! same diameter as 
that of the mould and 3 in. high, A 2 in. .dia. x 4 in. plunger 
was used to compact"the soil-and extrude the compacted specimens 
: - ’ from the mould-by means of a hydraulic press.. - V V; / ■'
An- ordinary trowel, ’ 4. in. .long, steel spatula and;2 ft. x 
, ;2 ft. x V ih.v glass; plate were used for mixing ; the soil, which.
/ was transferred to. the motilcV by using a; specially designed
• funnel of 8 in. top diameter and if in. bottom -diameter.
• . / For the determination of the moisture’ or fluid contents,
, ginned steel containers of 2 in.: x -| in.,.a’thermostatically ,
. controlled oven which could maintain a temperature of 105 - 
/ 110°C, and a .desiccator were used. ; /. '
, The unconfined compressive strength of the compacted
, specimens.was measured by a compression machine, fitted with a
•; ' proving, ring! which was calibrated for 250.0 lb. These apparatus -
>■ are shown in plat as 13,15,16,17 & 18. >: *•“_ ; - '' •
: Unconfined Compressive Strength. , ’ . - ’
The same apparatus, mentioned heretofore was -used for this 
test with a Alight, alteration in. the split mould used/for - - V
. compacting, the treated, specimens. In this test, the split 
V'. mould -was fitted at each end with a 2 in. dia, x l^ in. high ; ' 
plug to give a final compacted specimen of 3 in..high when,the
plugs were pressed home. The plunger,, used for the extrusion 
of compacted specimen, was 6 in. high. Five of such moulds 
were used. : "• • ■/ ■' I.' ..
For storage of the compacted specimens for curing, they 
were coated with paraffin wax of 120 °F melting point,
To cure specimens mixed with lime in humid atmosphere ■’ 
before testing, a 18 in, x 6 in. x 10'in, tank with a cover was 
used. Such tank was fitted with a wire mesh hung at mid-height, 
and filled with water to about an inch below the wire mesh 
which served as a carrier for the specimens. To ensure a
. humid atmosphere inside the tank, cotton cords were wetted with 
water, hung from the top of the tank and immersed in water 
below the mesh. , A sketch of this humidifier is illustrated 
in Fig. 131. '*• *. •••'. . ‘ ‘ "
Capillary Water Absorption Test. * ; /
The same apparatus for the unconfined compressive, strength 
was used for compaction and extrusion.of the specimens, when 
an air-tight tank was used for their storage, .. V;
1 A hot. water cistern was found suitable for this purpose.
It had inside., dimensions of 2 ft. x 2 ft. x 1 ft, high, with 
a circular opening, fitted with an.air-tight cover... A glass 
tube .was connected to the bottom of the tank by rubber tubing 
and fixed to its side to indicate.the water level in the tank 
and readjust such level to 2 m.m. higher than the bottom of the; 
specimens-. Porous concrete plates, 1 in. thick were placed ;v 
at the bottom of the tank with their 'tops adjusted at the same , 
level,:
Special carriers were designed to carry the specimens 
during the test. Such carriers were constructed of thin zinc 
sheets to,form circular cans of 3?, in, diae x S’ in. high. A 
.brass gauze 100 mesh was soldered to the bottom when the top 7 *• 
was left.open. Filter paper was placed inside the carrier on... 
the mesh | thus assuring that no clay/par tide a escaped to the 
water and more accurate measurement of vmter absorbed could be; 
ascertained. . ' - . ' \ '
The .tank with the specimens in place is shown in plates20 &
;•' '• 7*Y  7. ■' - Y. : * 7 . • 21 o
Determination of Physical Properties of London Olay. •
■ [ ; For the determination; of plastic limit, .liquid limit.,
specific gravity and compaction characteristics of London Clay,
the writer used the apparatus andp^ocedures‘specified in the
B.S.13'77:1948 (41). A Mechanical rarrming appara tus was us ed
for the B.S, compaction test in place of the standard hand
operating rammer, . 7  7  - - - 7  . ’ . - Y Y  *•’
Determination of Degree, of Acidity and Qarbonates^ ’
.For the determination, of the degree * of acidity of London 
Olay, ...untreated and treated with the spent lye and the amounts 
of carbonates of London Clay, the; apparatus and procedures 
published by Clare*(104), were used, Plate 13 shows such /' 
apparatus. ... .7,. = ' ’: '•.-'•'••7/'
PROCEDUREo . ' , ■';“- . 7 * •
Preparation of London Clay.- . f • ..
, A sample of. London Clay was supplied by courtesy :.of the 
Director of the Road Research Laboratory, Department of Scien­
tific and Industrial Research. The sample was taken from 
Heathrow, Middlesex, at a depth 10 - 30 ft. The clay was air 
dried at room temperature by spreading in trays in thin layers 
for. several days. The temperature of the laboratory was 
continually registered and found to vary between 17°C and 21°C, 
and relative humidity between 60 and 74, • . * ; / .
The air dry moisture content of the clay was determined /' -
.before, transferring the clay to closed containers'and found to 
vary between 4.2 and 6,5$>, • : . - - ' '
Compactive Effort Used. ./ \ ‘ . •. •
”The trend in. the field is to use heavier compactive .■ /. -
machinery,” says Little (39), ”and obtain densities considerably 
in excess of those; possible a decade ago.” investigations 
conducted by Stanton (105) showed that the optimum moisture, 
content as determined by the Standard A, A\ S.H.O. method, which • . 
is identical to B.S. Compaction Test (41), was practically at 
the plastic limit for clay loam soil and. about 5$. higher than 
that for heavy clay adobe soil. Such moisture content, as 
commented by Porter. (105), was much too high for safe construction 
with many soils. ; - . ‘ ///■’.• *
; - The same writer emphasised the importance of using heavy 
/loads- which could produce a relatively high pore pressure- to - J; 
rapidly expel air and compact the material, as study of pavement
/ \ . - 179 - : , •. • V •
failures;in recent years on heavy .duty highways pointed' to the 
need of greater compaction and stabilization of the sub grade. •
• He considerd the light standard sheepsfoot.roller, in which 
the footprint pressure varied between 60 and 100 lb/sq.in., 
and developed to a heavier- one which provided a foot print 
from 100-300 lb/sq.in., to be light. Other sheepsfoot 
rollers, which can provide footprint, pressure up to 1000 lb/sqdn0 
were-developed. • .; •' " • %' \ v . . / • V
In the United Kingdom, work. carried out in the Road v 
Research Laboratory .(93) showed that the maximum densities of ,. 
heavy clays investigated were 97 Ib/cu.ft. for B.S. compaction, 
test, 113 lb/cu. ft. f or Mod. A * A „ S. II. 0 0 and. 107 Ib/cU.ft, for 
,5 ton club-foot sheepsfoot roller, which provided a footprint 
pressure of 115 Ib/sq.in,, after 32. passes. - No heavier . 
sheepsfoot rollers were, investigated. Heavier rollers .may 
produce higher., densities/at" ‘lower numbers of passes.
As the BflS. c.ompaetion test involves great amounts of 
clay to be used and consequehtly great amounts of admixtures as 
well as a low^degree of dehslfication, the writer chose for 
the present investigation.vco%action under static load of 500 
lb/sq. in. Such compactive- effort gave a maximum density of 
109.6 Ib/cu.ft. which falls between that, obtained by the B.S. 
compaction .test and the'Mod.AoAcSeHc G0 and could be easily 
arrived at in.the fieldo Using this technique the time involved 
in mixing and compaction was appreciably reduced.
7.: . ■ 7 > y - ; - ~ :1 8 Y ~ V , Y- ; 7V  Y  - .. • '7 .; .7 • ;
Procedure of Compaction Test and Accompanying Compressive Strength, 
In the present investigation the compressive strength;., 
will he.understood to be the unconfihed/compressive strength, Y  • 7 
unless otherwise specified. ' ; ; 7 - •' ‘ ‘ ■
About 4-50 gmSo of the air-dried clay were placed'[on the 7" Y « ,- 
. glass plate and divided into five approximately equal portions.
A c era in. amount of distilled7water, to raise the. moisture content 
of the clay to about 10 - 12 %9 was measured. The first Y  Y
portion of the clay was spread on.the glass plate in a thin 
layer and the amount of water was sprayed uniformly on this 
.thin layer of clay by means of a pipette. A second portion of 
clay was spread over the first and again,another increment of 
water was sprayed as before. -.[•. Such process was continued for 
.the. five portions to assure uniform ditribution of the moisture 
on the whole clay. The trowel and spatula were then used for 
• the mixing process which continued until the clay showed a 
uniform colour and consistency. • •
The collar was put on the top of the mould which was 
previously assembled, and weighed to the nearest 1.0 gm. and Y - 
recorded. About 290 gms. of the water clay, mix'.was transferred 
to the mould using the funnel, when the remainder of the mix 
was transferred to an air-tight container. The mix . in’ the Y  y Y  
mould was rammed with a i In. dia.x 8 in. long rod.several times 
to obtain a uniform density throughout the whole specimen after 
compaction. The. 4 in, long plunger was put on top of the clay 
and the whole assembly was placed centrally under the press0 
The compacting, load was applied at a uniform rate until a maximum
pressure of 500 lb/sq.in. was reached. The clay was .left • \ 
under this pressure for 1 minute, after which the load was; 
released and the mould with its accessories, were removed, . -/
The plunger and collar were removed and the projecting 
clay was trimmed carefully to the top of the mould by a sharp 
steel edge. The.mould containing the compacted specimen was /*.’ 
weighed .to the nearest 0,5 • gm. •' The screws of the mould were, 
slightly loosened and the. base was removed.. The plunger was 
put on top of the specimen-and the mould,with the plunger., was 
replaced under the press for the extrusion of the specimen 
which was transferred immediately to the compression machine,
The compressive ioad was applied at a-uniform rate of about
0.05 in./minute and the maximum breaking load was recorded.
The compressive strength was. measured by dividing the
maximum breaking load by the original area of the specimen, >
1.e. 5.14 sq.in. ..... ■ /• .
A portion- from the inside of the broken specimen was ‘ •. 
placed in a weighing container and dried to a constant weight 
in the thermostatically controlled.oven maintained at 105° - 
110 O'for the determination of the moisture5 content of the 
specimen. The specimen was further broken on the glass plate / 
using the spatula, and trowel 'and, thoroughly, mixed with the . ' : ‘ -
portion of the mixture previously kept in the air-tight container.
Increments of distilled water of the range of about 2% 
of the dry weight of clay were-mixed with the clay .and the whole 
procedure was repeated to furnish a compaction curve, and a 
compression curve,; Usually from-8 - 10 points were found enough
to plot such curves. /' .’V ; ' //
Procedure of. Compaction Test and 'Accompanying Compression , / • 
Strength -of London Olay mixed with Spent Lye (Sulphite or
Caustic Soda Processes).' / ' ’ •/, - •/ ; •' '/ ;/:/■.'
For each, percentage of the chemical, .the amount of ; •
chemical was calculated based on.the oven dry weight of clay, 
and weighed to the. nearest 0.01 gm, The amount of air-dried 
clay,based on an oven, dry weight of 450 gm. , was weighed to the
nearest 1.0 gm. The. percentage of ■ chemical was thoroughly. / *.
mixed with an amount of distilled /water to give and initial / 
total fluid content of about 10 -12$ for the first point on / : 
the compaction curve. ’ • . • • - ■ ■ ,
/ Such diluted or sometimes concent rated chemical was 
sprayed on the clay in five steps as mentioned when using 
distilled water alone. Thoroughlynaxing the clay by using 
the trowel and spatula, the whole procedure for compaction and/:, 
compressive strength was followed for the- first,‘point on the 
/compaction curve*. For successive points, the same procedure 
for the untreated clay was applied, by the addition of incre- / /•• 
monts of distilled water of about 2$, without any difference/- / 
in procedure. . ■ -.’•■•'/ - / •'.// V/.'/
- v Since the spent lye is, in the fluid state containing • t 
solids, the density and strength at each point., on either the :■ 
•compaction, or compression curve-correspond to the total fluid 
content, including water, based on the- total solids including ■ 
that in the chemical. Accordingly, the amxima for these tests
correspond t° the optimum fluid contents in place of optimum •
moisture content. . * .- 7 ' / ’ ; Y ‘ 7 ■
Procedure of.Compressive Strength / 7 /
Plotting the densities against the total fluid contentY7 
•.the maximum densities and optimum fluid content, were determined 
for the untreated and treated London Clay with the different 
percentages of chemicals. - •
For. the untreated London, Clay, the amount of air-dried 
clay, to give.a 2 in. x 3 in. compacted specimen having the 
• maximum density, and optimum fluid content, was calculated.
From the optimum fluid content and air-dry moisture content, 
the, distilled water required to be added to the clay was .
. calculated.. 7 - • .'7 ■ ' ’ ’ 7 4
The.amounts of the solids in each chemical'was determined 
by.drying samples of these chemicals to a constant weight.in’ 
the oven kept at 3105 - 110°C, The percentage of solids for 
the spent lye. (sulphite process) was 54$ and that for the. spent - 
lye. (caustic soda process) was 15$ based on the total weight 
of liquor.-. • '■ .'.7 . -  - ‘ . ; - 7
By the .knowledge of the solids contained in each chemical,* 
the maximum,density for a certain,mix, the optimum fluid content,
and the air-dry moisture content, the total amount of the air 
dried clay, amount of chemical in the liquid state and amount 
of distilled water to be.-added ws-re calculated to give a final 
compacted spcirrien of 2 in, x 3 in, containing maximum density 
and optimum fluid content,. Appendix 3 gives, an example ,of 
such calculations, , ■ • ' - ' >
To obtain 5.1 compacted specimens, amount of air-dried
clay, was weighed- to the nearest 1.0 gm, and amount of certain 
percentage of chemical was weighed to.the nearest 0.01 gm.; when 
the distilled -water was measured. The chemical was thoroughly 
.. " mixed with the water and the clay was placed on the glass. ' •
plate.'end divided into five portions. The first portion was 
spread on the glass plate' in a thin layer and about:-gof the 
distilled water .in the case, of the untreated clay, or — of. . ■ • . * . ■. ■ i . . ■ , ■ O ■ 1 .. >
the water-chemical solution in the, case of the treated one,was '
: sprayed evenly on this portion of elay by using a suitable 
7 pipette. Another portion-of clay was spread on the first 
portion;and a second increment of distilled water or water- 
chemical solution was , sprayed in the same manner.- . The same 
process was continued for the five portions of the clay to 
assure uniform distribution of water or chemical throughout - 
the whole clay. . .. • ■ ' 7 . 7 ':’ ::'-
The clay was mixed thoroughly with water or water-chemical 
solution using the trowel, and spatula until it showed a uniform 
consistency. Immediately after.the completion of the mixing.
: process,- the mixture was transf erred to an air-tight container 
of known weight and re-weighed .'containing the mixed clay to . : v
the:nearest 1.0 g. After 24 hours", the. air-tight container / 
was weighed again and the moisture'content of the clay was 
corrected. The clay mix was retransferred to the container.
'■. The five split'moulds with their bottom plugs inserted 7 
in. were assembled by lifting each mould ion: two supports as 
■:.shown in plate, 15. 7 The funnel was placed on; the top of the-7 ’ * 7/* 
first mould. The amount of mixed clay required to obtain one
" • -185 ' ,7r-\v;V.
compacted specimen was weighed to the nearest 0,1 gm* and* 
transferred to. the mould*. After tamping the clay several 
times with the-.4 in rod the funnel was lifted* . The top plug ‘ 
was put on top of;the soil and the same procedure was followed •; 
for the other four moulds. For each,mould* the whole assembly 
was transferred to the press and1placed centrally. The. 
compacted load was applied uniformly until the two plugs 
were pressed home and'-the mould was left for ;1 minute under 7\ 
the compacting load. ' • The f ollowing steps were then started ..... 
after compacting thev five specimens. - •,
For each mould, the screws were slightly loosened, the 
two plugs■were taken off and the 6 in. long plunger was inserted 
at the hot tom of the mould when the collar was placed- in its 
place , on the top. The whole assembly was placed under the ... ;
press and the specimen was extruded. The compacted specimen 
was transferred to the compression machine and the load was■' 
applied uniformly at, a rate of 0.05 in./minute and the breaking 
load was recorded.. The compressive strength was calculated 
by dividing the breaking load on the original area of the . 
specimen. ■ •.*. '•
In some cases a portion of .the broken specimen was, placed 
in a weighing container and dried-to a constant weight in the 
oven kept at 105 - 110°C for the. determination of the total 
fluid content. \ . .■•.* . • -
h In one. series, the compression test was carried out for ' „• 
mixtures of London Clay with 10% Portland cement, or 4% spent 
lye (sulphite process) and 10%, or 5% Portland cement, or 10%
spent lye (caustic soda process) and 10$ or 5$ Portland cement.
Investigations carried out by Fahmy (106) showed that 
.the maximum- density and optimum moisture conteht of London Clay 
were not appreciably affected by the addition of Portland cement 
for amounts varying from 8 ~ 20$ when c ompac ted. by the B, S. .,,: 
compaction technique. It was assumed in-the present invest­
igation t bat Portland cement, did not affect the density ' ; 
characteristics of London. Clay when untreated or treated . 
with the above-mentioned percentages of chemicals when compacted 
under 500 lb/sq, in. stat ic load to give 2 in. x 3 in. specimen. 
No; attempt was made to justify such assumption. V •/. *: '
Table 30 gives the maximum densities and optimum fluid - 
contents considered when investigating the .compressive strength, 
of the above-mentioned mixtures, v , ’ V
" TABLE,No./30
Max. Densities Optimum Fluid Contents for Mixtures . , : n A.
, of London Clay with Cement of Cement Chemicals„
Type & Percentage of Mix. J\lax. Density 
lb/cu.ft.
Clay + 10$ Cement
Clay + 10 or 5$ Cement * 4$ 
spent.lye (sulphite process]
Clay + 10 or 5$ cement + 10$ 
spent lye(caustic soda) - '•
109.6
111.4
110.4
Opt imum Fluid 
Content $
20.0
19.6
20.4
For the.compaction of such mixtures the amount of water 
or amount of water and chemical were weighed to the nearest 
0.01 gm. and thoroughly mixed with the amount of air-dried . 
clay to give 5.1 -specimens in accordance with the procedure :•
mentioned heretofore and kept for 24 hours in airtight 
container. After adjusting the moisture.content of the mix, 
the calculated percentage of cement was weighed to the nearest 
0.01 gm.• and ,thoroughly mixed with the. clay. Moisture mix or 
clay-chemical mix using the trowel and spatula until a uniform, 
consistency was obtained.' The time taken to accomplish this 
last mixing process did not exceed 3 minutes. The compaction 
process was then carried out lh accordance with the procedure 
mentioned heretofore./,. , - ’■*•/ .
..After extruding each specimen from the mould, the specimen 
was' coated with a thick layer of paraffin wax and. stored at' "
• room temperature for 7 days. When the time of curing elapsed,/ 
the paraffin Wax was removed from the top and bottom of the 
specimen which was transferred to the compression machine, for 
the test. Again the. 'compressive- load was .applied at a uniform 
rate of 0,05 in/minute. A portion of the broken specimen was 
placed in a .weighing container and dried to a constant weight / 
in the oven kept at 105 - 110°C for the. determination of the 
total fluid content based on. the total solids, i.e. clay and 
cement, in case of.no.chemicals added, or clay, cement and solids 
in'chemical when, a chemical , was added. ’
In another series, the compression test was carried out 
for mixtures of London Clay with 5$ or or i&% of -hydrated y • 
lime, or 4% spent lye (sulphite process) and 5% of hydrated ■ 
lime, or 4% spent lye (caustic soda process) and 5% of hydrated 
lime. Again, in the present investigation it was assumed that ? 
the addition of hydrated lime to London Clay alone, or mixed
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with the mentioned percentages of chemicals, did hot affect the
density characteristics of. the mixtures when compacted under a
static load of 500 lh/sqf in.
Table. 31. ;gives the, maximum.densities and optimum fluid
contents considered when investigating, the compressive strength
of the aforementioned mixtures <, • ;
V ;; /'/'-/• r ■ . • - TABLE No. 51. : .
Max. Densities <4 Optimum Fluid Contents for Mixtures -
■* ‘ of London Olay with Lime or Lime-chemical s..
Type, and Percentage of Mix. Max.Density 
' lh/cu.ft.
Optimum Fluid 
Content • %
Clay, 4* 5% Lime 109.6 .• 20.0 V-'://
Olay * 10% Lime \ , : / 109.6 •" SO.O
Olay 4* 15% Lime 109.6 . 20.0 : - .•
Olay + 5% lime + 4% spent lye . 
‘ . ' (sulphite process) 111.4 , 19.6
Clay + 5% Lime. + 4% spent lye X  caustic soda proc.ess ) 110.4 20.2 ;'-
Por :.the compubsfcion of the compaction process, the same ;, 
procedure for mixtures with cement was follov/ed in every aspect 
with, the exception of the time andrrimethod of/.curing. - ~
1 For the lime mixtures or lime-chemical mixtures with 
clay,* the>* first of the five compacted specimens was tested y 
under the compression machine * immediately after extrusion, from 
the mould without any time of curing. The second and third 
specimens Were put in the humidifier to cure in a himid atmos­
phere; at room temperature| one of these specimens was tested 
after 7 days curing when the' other Was tested after. 14- days 
curing. ... The fourth and fifth specimens were' •
completely coated with thick layers of paraffin wax and . 
stored at room temperature. One specimen was tested after 
• 7 days curing and the,other was tested after 14 days curing.
This test .was. carried out von London;Clay without treat­
ment, treated with 2, 4, 6 , 8 and 12% of spent‘lye (sulphite 
process), treated with 2 , 4, 6 , 8  and 10$ of spent lye (caustic 
soda process)and finally with 1 , 5, 10 and 15$ hydrated‘:lime. ' 
For the capillary water absorption test, other, investiga­
tors (102) reeommend the compaction: of stabi 1 iz.ed soils to a 
dry density and moisture content- corresponding to 10$ air voids. 
In the opinion-of the writer, such; recommendation is not 
warranted,, since the test itself is severe and does not resemble 
what happens in practice. * Furthermore, stabilized soils are 
usually compacted in the field as near as possible to their 
maximum density. Accordingly, the above mentioned mixtures 
were tested at their maximum densities, and optimum fluid contents 
Here again, it was assumed that hydrated lime did not alter the 
compaction characteristics of clays. •' \ . • V
The same procedure of compaction mentioned for the 
compressive strength test was strictly followed for the.prepar­
ation of the specimens for the capillary water aborption test.. 
After compaction,all specimens were coated with, thick layers of 
paraffin wax and stored for three days at room temperature.
•■. The. porous plates were placed at the bottom of the tank 
with their upper.surfaces at the same level by using a spirit / ‘ ■ 
level. Distilled water was added to.the tank until its level
was 2 rams, higher than the upper surface of the .porous plate 
and the water level in the ad joining . glass) tube was marked„ 
After curing/.the wax was removed from.the top, and bottom 7 
surfaces of the specimens,, . 7 ' -
. A filter paper was placed at the bottom of the carrier 
and the: specimen was put oh the filter paper. - The carrier 
with the, contents was. we ighed to the nearest 0 .1 g, and placed . 
on the upper surface of the porous plate in the tank. The / 
top cover of thu tanl^ : was fixed tightly. - /Any decrease in 
the water level, of the tank was adjusted through the glass tube.
The carrier with its contents was weighed to the,nearest 
0 .1 g. at intervalSvof.1 , 3,7, 14, 2 1,. 28 days, after removing 
the surplus water, from the bottom by,a filter paper and the 
weight was recorded. The difference in weight was considered 
to be the water absorbed by the specimen at the specified time. 
The filter paper at the•bottom of the carrier absorbed some 
water. To get more accurate results:a filter, paper of the ; 
same size as that put in the .carriers was- weighed dry raid after 
soaking in water and, removing the extra moisture. The diff­
erence in weight was considered to be equivalent- to the moist­
ure absorbed by the filter paper.in the carrier. Such weight 
was added; to the original; weight of the carrier and its contents 
at' the; commencement ,of the test and before placing it in the 
tank. 7 * ■ V* " : / ; •' ■ • v /.- •* .
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ANALYSIS AND PROPERTIES OF LONDON CLAY. ‘ - 'vv.;
: ■;/ . A sample of London Clay was analysed by Grim (107) and
showed that the clay mineral was about 70% illlte, 20% KaolinitTe 
and 10% Montmorillonite.. In: general the illite and kao Unite 
should not yield a material with difficult properties when 
the 10% montmorillonite should have distinct influence on the, 
properties and would account for the high shrinkage and plastic h 
properties of London Clay. It constituted 46.1% of the minus 
1 micron. Such high percentage of small sized particles 
favours the plasticity properties of clay.
' The exchange positions on the minerals of this clay are 
occupied chiefly hy H+ as well as‘Ca*+ showing insignificant '' 
swelling. It has an exchnage capacity of 24,7 m.e./lOO gm. : / 
of clay which is moderate. There is no likelihood of a hase 
exchange reaction causing' a change in the properties of such a 
clay because Ca++ and particularly H+ are relatively more 
resistant to exchange than many other common ions.
• • ; The pH of this sample is 6, hut in clays of this kind
the pH frequently increases; from the surface to downwards with 
upper clays being acid and lower clays alkaline. ;
: The exchangeable bases and soluble salts of this clay in 
m.e./lOO gm. of clay are .:
• ;..v ' ' , y/:... ■■■-/■' •:
• ! i.3 Na4* . •’ \ v  ^• •' • : ’ -v
- 22.4 ca+* v . ' .
• ..:o*3 Mg** • ; - ' : • /'V.
V ;; V9.7 S04~
As has already "been mentioned9 the London Clay investig­
ated in the present work was supplied by the Road Research : 
Laboratory in a pulverised state. Table 32 gives some of the 
physical and chemical properties of this clay as determined 
b y  the writer. . ; / ‘ - ' • , : ■ / - : \/Y. '
; - •:*: . TABLE No. 52. V . ' •; . Y  - /  /.
■ Some.Physical and Chemical Properties of London Clay
Investigated.
.. , .. r* 195 • —
Clay Content Y Y. 54% ’
Silt Content ’. Y Y  " • 37%' : ,V .
Sand Content Y . 9%Y' Y.
Plastic Limit 28% ‘
Liquid Limit 72% Y  . ;v
/Plasticity Index 44% .
Specific Gravity : 2.827
: Max* Dry Density ) ' - 
B.S. Compaction ) . . Y / 95.8 Ib/cu.ft.
, Optimum Moisture . . 
Y: / ' Content ; - . 25% , /
Cassagrande Classification ■ CH , ’ . - /’•/
Unconfined Comp. Strength 55 lb/sq. ih.
. Max. Compression Limit 19%
PH ’ Y Y 8
Carbon Dioxide :: • . , - . 1 ' 1.2%
Calc'tan Carbonates 2.7% •;
The pH of 8 .for this clay shows that it is slightly 
alkaline. • According to the previous analysis given by G-rim,
this was quite expected since the sample5 of clay9 oh which
the present investigation was carried out? was taken at depths
10 - 50 ft. from, the ground level. Such alkalinity indicates
that'•the H+ cations Were replaced by the Ca*+ cation so that
it could toe claimed that this sample of London Clay is \ ■ ■'
4,0. ' ' ‘ . 'Ca .,clay, .. , . v v " ’ 7. ■;
According to Robinson, .,(108), this clay ,can.be considered, 
as heavy clay since its P.l, is 44 which is />20.
The Mechanical Analysis curve and Liquid Limit surve 
are given in Fig,.133 & 134, when the compaction and; compression 
curves are given in Fig,132,, 7 V . ;
SPENT LYE FROM ~nHE SULPHITE PROCESS. ■'* ; -7
In the sulphite process, (109) , wood is digested with, 
a solution of calcium sulphite which is usually prepared by 
the reaction of sulphur dioxide with-lime, calcium carbonate 
or dolomiteo During digestion about half of the wood substance 
passes into solution in the liquor, which when discharged ; 7 
contains a high concentration of organic matter including the - 
calcium compound of ligno sulphonic acid and a: mixture of : 
sugars. 7 The concentration of the constituents depends on the 
volume’ of water used in the preliminary processes of washing :: ■ •, 
the liquor from the digested/wood. / Such liquor concentrated 
or diluted is a problem to dispose and many researches have 
been carried out7to solve such problem, •
A sample of the spent lye (sulphite process) was supplied 
by courtesy of Messrs. Olive and Partington from their Paper 
Mills. ' /7.7 V " .
Table-33, gives some of the prpperties of sxich liquor 
as determined'by the writer. , * ' - •- 7
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TABLE -No, 55
Some Properties of the SpentLye (Sulphite Process)
Specific. G-ravity; at 190G' , 
^Measured by Density bottle)
1.3 :A''- ■
Viscosity at 19°C • ' -• 
(Measured by Redwood.Viscometer
3.68 poises
Total Solids by Drying ■ : !
. at 105 -  110°0! for 24 h, : .. 1
54%
' The liquor is soluble in water and has a dark red colour. 
It.is very acid and.gradually decreases the pH of London Clay 
from 8.0 to 7.5, 7.0P 6.5*.'6.0& 5.5, for addition of 8, 4, 6,
8 and 12% .respectively, < * ' ; -
SPENT LYE PROM THE CAUSTIC SQDA; PROCESS ; ,
Esparto, grass is first cleaned (109) by a mechanical 
.process and is then digested under pressure with a solution 
of caustic soda. The quantity used is usually "between 14 and' 
15% of the weight of the, grass. During digestion the :alkali 
dissolves;, non-cellulosic material * the weight of which is 
approximately. half the dry weight of the esparto. After- -; 
digesting for,a period of several hours.the pressure is released! 
the lye is run off and the esparto is washed in the "boiler* at 
first with hot,water and then with.cold water* At this stage? 
the pulp often contains about 1% of weight■of. sodium hydroxide s . 
together with, much non-c ellulosic material.. This must be, 
washed from' the pulp,-as completely,us possible,. , The effluent 
from, this process constitutes one'-of the. main discharges of 
polluting liquors from 'an esparto, mill,
At almost all mills, the spent lye from the digestion process, 
together with some of the strongest washing waters, is treated 
by evaporation and incineration for recovery of soda.
. A  sample of the spent lye(caustic soda process)was 
supplied hy courtesy of Messrs. John Dickinson & Sons from 
their mills at Croxley, near Watford, Herts. The sample was 
from washing effluents of the digester before evaporation.
Table 34 gives some of the properties of such liquor 
as carried out by the writer. ■ ,
TABLE Hoi-34. .
Some Properties of the Spent Lye 
■      (Caustic Soda Process)
Specific. Gravity at 19°C 
(measured by density bottle)
1.075
Total Solids by drying at 
105 - 110°C for 24 h.
15% .
Amount of Equivalent Caustic Soda 
as titrated by N/5 hydrochloric 
Acid.
1*6%
The liquor is soluble in water and has a very dark brown 
colour. It is alkaline solution.
/ . • :•' ->>' v / : CHAPTER . 5. ' -/: ‘ /-■ '
' • v ■> :' RESULTS & DISCUSSIONS ; ' ; , • . , '
DISCUSSIpN OF /COMPACTION RESULTS / ? /. ; ‘ ' / / • ' ' / / •
, . Compacting London Clay, untreated or treated with the
different percentages of* spent lye,, either from the sulphite 
process'* or caustic soda, process, under a s.tat ic load of 500 / ..
lb/sq.in. at different moisture contents., has resulted in .'■/■ •
the compaction characteristic curves, i.e. for each percentage 
of the spent lye there is an optimum fluid content and a ,.-/.; 
corresponding max. density. Such max, densities and optima 
are given in Tables. 35 & 36 and the compaction curves are ... 
given in Pig. (135-13?) & (139-14-1) . ■ ' ■ '
• The;c ompaction characteristics and phenomena related to them 
. have been fully discussed in Part I, and there is no need for 
any further discussion.. It is now left, to discuss the effect 
of the addition of spent lye to London Clcy , on its density 
and optimum fluid* content. • ./ . ' \ * ■'/••; .
Mffect^of-Spent/,Lye from'the' Siilphite Process-‘on the 'Comp- 
action Characteristics of London Clay_. ’ : v . • • : ' /,
. ‘ ; .. It can be seen from Table 35 that the addition of 2% of ■
spent lye has increased the . maximum density of London Clay
from 109c6 lb/cu.ft., to 110.6,lb/cu.ft. and.it has further
increased with the,increase in the percentage of the spent
lye added, e.g. the max, density has. increased to 112.6 lb/cu,ft.
for 12% of the spent lye.
\;,vv^Vv ,'•> / ;■*. ■" / 7 - :' //
' •v ' TABLE No,55, -
Max. Density 6b Optimum Fluid Content of London Olay
; Untreated or Treated: with Spent Lye (Sulphite 
: • Process).
$age of Spent Lye 
per dry weight- of;-: .
; •••■' • ' clay .. ' •
m k mm umin^
. Max. Density 
lb/cu. ft .;
Optimum Fluid . ’ v; 
Content $ ’
V'-" • / '  0 - • 109.6 ' 7 : 20 .0 ‘ ;
. 2 . /  110.4- . 19 . 8  ;
/ v7  : 4 ; h'Lch :, . 111.4, - v .  V'-t 19.6 • / . / /  :
: , ' 6 . v. .. ’ y ; •111.8 ; - • 7 ‘ is.6 . ’■, • /./
■ ■ 8 *\ . / ‘'''A . 112.0 • •  18.6
i2 - • ,'7'i 112.6 ’ 18.0
Figure 138, for the relation "between max. density and
percentage of the lye , {shows that. such increase in .max. density
is at a decreasing rate. This indicates that'there should he 
a limit of the percentage of the spent lye, mixed with London 
Clay , after which any further increase will not-result; in an . 
increase in the density. 1 Within the percentages investigated,’
2 -12 $;, such; a limit was not reached., h -’ V ■
• The general trend of,'the, optimum fluid content is to
. decreasev, with increasing percentage of the lye, e.g. the . • •
, ' optimum fluid content decreases from 20$ for the, untreated 
• .. clay to 19.8$ for., the clay treated with 2$ of the lye.
However, the decrease is more pronounced for higher percentage 
. of the chemical. • , ' \ \ • v •
These two characteristics are similar to those obtained * 
by either, adding granular material. t ov- the clay or increasihg >'> ■: . [.■
the compactive effort. This shows definitely the improve­
ment of classification by admixing the clay with the spent 
lye. The reasoning of such improvement and other character­
istics will be discussed in a later chapter.
Effect of Spent Lye from the Caustic Soda Process, on the 
Compaction Characteristics of London Clay.
Table 36 shows that the addition of the different 
percentages of the spent lye on the clay has not appreciably 
affected the maximum density or optimum fluid content; There 
is no increase in the max, density for the addition of 2% of 
the lye. However* there is an increase of 0.6 lb/cu.ft. for 
the addition of 8% and 12%* and 0.8 Ib/cu.ft. for the addition 
of 4, 6 and 10%.
The optimum fluid content shows a tendency to increase 
very slightly* i.e. 0.4%* although there is a. decrease of 
0.4% for the addition of 6% of the lye.
" L TABLE No. 36
Max, Density & Optimum Fluid Content of London Clay 
Untreated or Treated with Spent Lye(Oaustic Soda Process)
%age of Spent Lye per dry 
. weight of Clay . Max.Density lb/cu.ft.
Optimum Fluid 
Content %
0 109,6 20.02 109.6 20.44 ' ' ■ « 110.4 20.26 110 .4 19.6,8 110.0 20.010 j 110.4 20.4
12 110.0 20.4
Such small increases in maximum density or optimum fluid
A- • •; V ’ '!•'!' 7 17>• /X" ‘
- .> content indicate that the spent lye caustic soda process does 
not affect the densification characteristics of London Clay.
COMPRESSION CURVES, V  /. ; , .
It has already been mentioned in the procedure of the 
compaction test that the compressive strength of each compacted 
specimen was measured. Pigs. (135-157)&(139-141) give the 
relations between the compressive strength so measured and the *; 
fluid content of the untreated or treated clay with the spent - 
lye form the sulphite and;caustic soda processes, for the 
different percentages used.. .■ V • ‘ ‘:
These • curves'show that for. the untreated c lay and for \ •. 
every percentage of spent"lye used, there is a maximum compres­
sive strength which occurs at* or slightly lower, than the .. 
corresponding optimum fluid content.
Table 37 gives the maximum compressive strength of 
untreated or treated LondonClay. with the different percentages 
of spent lye as inferred from the compression curves. .
' TABLE No. 37 X.'X \ . . * • ■ '
Max. Compressive Strength or London Clay Untreated and 
:*•*. ' : Treated with Spent Lye. ' -
%age>of Spent Lye per 
Dry weight of clay. Maximum * Compressive Strength lb/sq, in.,-:
Sulphite Process'- 'Caustic Soda Process
■ '■ 0/' \ ; , 132 . 132. ' 2 • ' - 134 ' 118•\ 4 . • • . ,160 . . - 122 '• 6 ! V 140 •- . , 128 ’. 8 ;• - : 138 - .134. '■ 1 0 ' •  \ - me ' ' ‘= 144: \ 12 . ; . * 134 . • - . - . . / 148 : . ; / ,
Effebt of Spent Lye from the Sulphite Process on Maximum 
Compressive Strength of London Olay-. as Deduced from
* Compression Curves. *;. . / •/
The addition of 2% ..of the spent lye, sulphite process, 
has increased the maximum compressive strength of London:Clay, 
as determined, within the.; limits previously, mentioned in the 
procedure of the test. ' This- increase is 2 lb/sq.in., i.e. 
from 132 - 134 lb/sq. in., which is not very substantial. But 
when the amount of the-,spent lye-increased to/ 4%, ;the maximum , 
compressive strength has increased to ,150 Ib/sqin. which is / 
much higher compared with the previous increase. However, 
any. further increases in-the spent lye have continually 
decreased ‘the maximum, compressive strength such that the 
..strength at 12% spent, lye is 134 lb/sq. in. which is slightly* 
higher than that of the untreated clay and equal to that at 
2% of the lye.. < . -'." v ’
Accordingly, there is a certain percentage of /the spent 
lye at .which a maximum increase in the maxitoum compressive ; * 
strength takes .place. The percentage for the present invest­
igation is 4%. /However, this percentage has not shown a 
maximum increase in maximum density as the maximum density of 
the treated clay ..increases with further increase in the 
percentage of the spent lye beyond 4%. * /' ' ' ; '
Effect of Spent Lye from.the Caustic Soda Process on the >- . 
Maximum Compressive Strength of London
Compression Curves. // » ; ;Y '*'>•. ' '.
• . . ‘ Table 37 shows that the maximum compressive strength
2oi; -
of London Clay, as inferred from the compression curves, has 
decreased by the addition of 2% of the spent lye from 132 to 
118 Ib/sq.in. Further additions of the spent lye seem to 
increase the maximum compressive strength of the. treated clay 
at an increasing rate until the strength reaches 144- lb/sq.. in. 
for 10$ of the lye then the rate of increase tends to decrease 
A comparison between the maximum compressive strengths at 6,
8? 10 and 12%of the.lye. I.e. 128, 134, 144 and 148 Ih/sq.in.
successively, demonstrates this characteristic very clearly,. ;
. .Here again, it does not; seem that there is any. relation
between the maximum compressive strength and the maximum ' 
density., which has,‘-not; been substantially affected by the 1 
addition of the different percentages of the spent lye as has 
been already noted heretofore.- ’*. ■
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COMPRESSIVE STRENGTH OP LONDON CIAY TREATED WITH SPENT LYE.
V»»*» . . • w v v a «♦** » 4 * *-* m*«• * ■#* <
, • : v; In one* series of • the \teste ? the writer determined the ;/ 
compressive strength of London Clay ■untreated and treated.. 
with different; percailtages of ..spen, iye 'from the sulphite - ' • 
and; caustic soda; processes,'. For each percentage 9 five 
specimens were 'compacted atthe corresponding maximum 
density and optimum; fluid content in accordance: with t h e t  , 
procedure p'reyiousiy\mentipnedo C' Table 58 ' gives the average! 
strength;- of. the fivespecimens for. each mixttp ; ' ! • ' "i • •;
- •' :' •; TABIdE ’;Np .5 B  V • -.•'/•'y/.y
Compressive Streiigth.’of''• London Olay Untreated and' ;- y  \y 
; TreatedIwith-Spent; Lye, (Sulphite: and Caustic Soda) - V ;
/age of Spent; Lye per - 
Dry weight of-Clayv • ' I
Compressive Strength lb/s gin. '/
■ Sulphite-’hr pees s. Caustic Soda 
. Process.
. 0 / v ; ; . 162 :/.• ; S' 1 6 2 - - •
. v : 2 ■' yy y ;. ■' . 166 ' . . ' ■ 167 ' /;
■■•4 ■ ' / % 176. / ./ ;■■■ ,, 193 . y  ; y
. . y 168. -;K 193 / y . V v
; . ' ' 8 . . ;. . 1.65 ; y . y - ; 189 : ■ •.
’'y‘y ic , * ’ 186 - I:;
: Lye• • • the:..Sulphite:'feroaes‘s • on^Compressive:
• Strength' of :XQndem.;GlKy>-. V y  ' i;;‘ ' ///;• '/ yt/'-vy ’I;'/
. It can;.he seen.from Tab 1 e 58 that the addition of 2% 
of the spent' -lye. has ihcreased the compressive strength of ..the 
clay from :i62 - 166 lb/sq.» in* and that• this strength has .• :y  : 
further; inorea.s ed to. 176 lh/sci»inB for. the-: add lid en of-4/ of 
the lye. ; ■ Here a,gainy the strength has decreased: for the 
addition c f 6% to 168 , lb/sq. in. and decreased ..furthermore to: —■
165•ab/savin., for- the addition of 8$ of the lye. Thus, the V 
sahib character!stic for the !maximum• compres s ive strength, as 
inferred from the compression curves, seenis, to apply, i.e.; 
the addition of 4$ spent lye produces ,a maximum for the:- '-, ; ' 
compressive , strength after which, the ^strength; decreases for 
higher percentages',. - But the lowest: compressive strength 
for the highest percentage used, i.e. 8$" is, higher than that 
: of the untreated clay„ ^ r ;.v ’/•. • •'
.Effect' of Spent Lye from:-the. Oau;stic. ‘Soda Process on Compress*- 
ive Strength of London Olay. • . .". •.
"- \ Tab le 58. al so. shows that the" add! ti on of 2%'' spent lye
frorfi :the, caustic- -sbda process has increased , the; .stx^ ength of . 
London Olay •-’from- 162 to 167 Mb/sq. in. . But when 4 or .6$ of . 
the lye is added the .strength-- has" increased, to' 195 Ib/sg. in. - 
in "each case. However, the Sstrength.lms. decreased to 189 and 
186 Ib/sq.In. for addition of 8 and 10$ respectively,, which;;, 
indicates that, under the .conditions a-nd -limits' of this test, ■ 
the compressive strength has reached1 a maximum at the addition 
of-4 and 6$ of the lye. Such characteristic is nearly the 
same as that obtained -by, the,- addition of the spent lye from * 
the sulphite process. • ' .  . ■ . ; \
- - A comparison between ." the strengths"obtained by mixing
London Clay with the different percentages of:the,spent lye ""-v 
from the sulphite process and those obtained, by: mixing the ,'vf 
different percentages of the lye from the, caustic soda*process, 
ihb iocit.es that. for the same p ere ent age of the lye the increase 
in strength, obtained by mixing the lye from.c&u.stic soda / ■
V' '• . 1 .  : ’ , V - 205 - . \ ;* • • •». . , • ‘ ;•
process* is much higher .than that, obtained.by;mixing with 
its brother lye -from the sulphite process, -For instance * • ;
: the strength ,1s 193- Ib/sq, in,. for 4% of the former compared ' 
with. 176 ib/sq*; in, for 4% of-, the; latter, : The same' applies •
to other percentage s without excepti on whichshows' .the 
superiority of; mixing London Olay v/ith the spexit lye from the 
emetic: soda process' over; mixing with spent • '.lye;- from * the 
sulphite; process as far. as strength is. concerned. ; ' '‘".'L - ’
Comparing the:maximum compressive strengths * as deduced: 
from the compression curves* and: those obtained--by compacting 
the clay* airitreated, and treated with different ^ percentages of -.. 
the spent lye*, to give\the corresponding' maximum. density and 
optimum fluid content* it can be seen that the latter strengths 
are much higher than the former although the density and fluid 
content are identical in both methods. Taking the untreated 
clay-..as an example* the maximum strength as inferred from the 
compression curve is 152 lb/sq.in. compared -with 162 lb/sq. in. 
obtained by compacted a calculated mixture to give a maximum 
density and optimum fluid content. The, samer applies to the- ‘/-'-v 
different mixes, '/. ■ \ :
%Ixi the present investigation* for the compress ioxa curve* 
the mixed clay was put in.the mould with the collar:on its .;!• 
top and the; mix was, compacted under a static; load of 500 Ib/sq.in, 
The collar was removed and the extruding clay froxix the mould- : - 
was trimmed flush with the top rim of the mould, For simpli- 
city bf discussion this method will be. called method A, In.:X\ 
the other method* the mixed clay was calculated to,,.give a final
maximum density- when mixed- at the optimum fluid content * and 
placed in the mould* Compact ion was performed hy pressing 
the two end plugs home. This method will he .called method B.
Not-only the strength has increased* hut the general 
characteristic has also -changed.1 as Indicated hy. the. strengths 
of adding different percentages of the spent lye from the 
causlio soda process. The general trend for this chemical 
for the strengths obtained by method A* is initial reduction 
in the strength of London Olay for the addition of small 
percentages of this chemical* i.e. 29 4 & 6% and then an increase 
in the strength for higher percentagess i,e. 8* 10 & 12%,
Such a characteristic is quite different from that for method 
Bo The last characteristic is increase in strength to a 
maximum at 4 or 6% and then a decrease which? at the end? gives 
much higher strength than that for'the untreated, clay,
From the foregoing* it can he seen that two different 
methods of compaction * which produce the same density at the 
same fluid content* do not necessarily give the same strength 
for the same clay, and same treatment. Consequently * the 
general criterion to obtain a. specified density at a specified 
moisture content for a stabilized soil in the field is not 
adequate and such a criterion should be supplemented hy a 
strength criterion. Again* the strength of a compacted 
specimen at a certain, density in the laboratory is not indic­
ative to the strength, of the soil when compacted to the same 
density in the field. Hence* the strength of the compacted 
stabilized soil should be either measured in situ or by.testing
imdisturbedsatnples^ from .’the finished subgrade. or base, ..
OQNCLUSIONS. V : ~ ‘ V ..  1 f'
1) Spent lye from the sulphite process or the caustic•' soda 
process* increases the stability' of London Olay as measured 
by the unconfined compressive, strength.h • - .
2) ' The. increase . iii :strength is. more proriounced for the
London Clay, mixed with spent lye from the caustic. soda process 
5) . For the. sp«nt lye from the caustic soda or sulphite 
process.es*., there' is a certain percentage at which the.’increase 
/of strength is, maximum, v It Is 4?? for both liquors,
14).. Compacting a soil to a specified density and specified - 
moisture content but with different methods of compaction does 
not .necessarily produce the Same strength. - '\.“v *
5) The requirement to achieve, a certain density at a certain 
moisture content in the field should be supplemented by a 
strength criterion . which should be measured- ei ther in situ or 
on undisturbed samples from compacted soil. - ,
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L0HD01Y Cl,AY. V" -, ■- • ' •■ •A ... - -• - ■ ■« ’ : - ’ • / • ’ ■* ■;
' ; ; In another series of the: compressive strength-/ London
Cl-ay? treated and ■untreated;'..with..;-spent lye fromvthe sulphite 
and caustic soda processes /, was mixed with 5 and ip^ of Tort land 
cement. Specimens were, coated in ..paraffin wax a.ad cured atUA 
room temperature for seven days. /. The average strength.af-Tiye 
specimens . for each: mix is givenfin. Table 39, ' > .  , A- *
;■ A V'/ ' '• ' ...TABLE No/ 89 : ' ' v..:;' T:"'/V-'/t-
Y-Day' Strength of London Clay Untreated A and .Treated- •
, ; with Spent Lye and;.Mixed with Cement. ~ .
» - r • • 1 - T----- --- l"— » .^t(k M  TMTlNtt VX. UM *. %age of Spent Lye. per pry 
A A Weight. of Clay.•; ;: ; ?:
Wage of Cement 
per'Dry Weight. 
A .. of Clay
Compr e ssive 
■Strength 
•: Ib/sqlin. ; • ■: ■
, j • - <•»rSulphite Process.' .
Caustic Soda ’ 
. •;. Process
•. ■- 0. V •; ■ ' • a . ■ 0 : \ •;'/ . 385 ; . /
- 4 A"\ ; . / ' a  0 :'i *'.;A 3i-0 • . A 392 ; \ / • ■/
• 0 . A, viq‘; -TTs IQ.;-. -./a ' 391A ;
4 : ; .... . • •‘"va- r ■ •/va / 5 . a  305' / ;■'// ■ :/’’
o-; • ■ •; 10 \5A A .305 :
yr+r+iltmmraii* m.—nr i».vihw\ «•  »
Tahle 39 shows that for 10%* of Portland Cement ? the 
strength of London Clay treated with spent lye:: from the / • 
sulphite ■ andcaustic soda processes has increased Y& 6,1’b/sg. in. 
successively than that without treatment? i.e. mixed with 
Portland cement only. a Such an increase is; not appreciable. ;
■ /  A  comparison between Tables 3 8  &  3 9  /  indicates-very - a \  
clearly the, effect of admixing? untreated or treated/ London 
Clay ,with cement . As low as 5% of cement has-..increased the 
strength of clay treated with 4%. of. spent lyefrcm the Sulphite'
process from 176 to. 305 lb/sq,.in, and that.treated, with ;10//y/ 
spent- lye from the caustic soda process from 186 to 305. lb/sqyin/ 
The addition ..of 10/,,cement has increased these strengths again. ; • ;
to 592 & 591 lb/sq. in. respectively.'. *; The strength, of the * .- . v: ,
untreated clay has increased from, 162 to 385 lb/sq*iny w h e n ‘ 
mixed with 10/ cement. ;• :.V* /•’'.• ’•!,7. !- - - " y : '■ //
The B0.Sy specification (110) requires a compressive /hv- ;
'strength of. cement soil mixes of 250 lb/sq.in* after 7 days'- " . y ;y 
- curing when compacted at the maximum density obtained by' B,S. y/ 
compaction test for the ,suitability of the soil; to be stabilised , - 
; with cement. . .Ho information'is available for; the criterion; -
required for cement soil mixes compacted at.densities higher 
than;;that- of B0S. compaction, test-. : * • ,
:Work carried out b y  Fnhmy (106) 9 showed that the. 7 days ,/> ; 1 
strengtlB of -. London Glay when , mixed with 14,& 17/ of cement;s and/ ’ ; 
compacted to B.-S. compaction density and optimum moisture/content' ■ 
are 380, 400 lb/sq. ir.i- respectively.' The. present - investigation
;.has shown;a. compressive strength of 385 lb/sq.in for London ;•?/. ■ .
:Olay when compacted under a static load of 500 lb/sq. in. and/-' / :/> 
mixed with 10/ of .cement/ ‘ ■ •/-■ - */ ■/••/,- '• *' '
. . How, the question arises whether It is more economical to.'-1 ! ; 
compact a soil:,nvith lighter compaetive effort; thus lower density, 
and mixed with higher percentage of - cement or compact the same 
% soil with heavier compaetive effort; thus, higher density, and. ay 
lower/ percentage of cement to obtain the same f strength. ;y Ho 
information is .available,: which the, writer -is aware of, concer- • V - 
nirig this problem that- i t needs further .invest!gat ion; along this . y
line,; . But should the latter condition prove'more- economical . 
or. at the same level of- economy /with the former*~the latter 
condition has the following merits i. :•
(i). - The present< trend, in. the field. is to ,compact stabilized 
soils'to high densities by xising higher" compactive efforts (39) 
&( 105) to prevent :many serious failures 'caused.-by inadequate : ' ■ 
compaction and lower densities. ■/ ■ ■ •’ / v -•.’• / v-\ /;•’• / . :
(11) '/ ..Compacting -;a stabilized so 11. by high compactive effort 
and obtaining higher densities* the air voids in,the resuited 
compacted soil*.- Will be; much less than that obtained by , • * :  ’ 
lighter compactive e f f o r t ; ; This- can be:seen by comparing the. 
compaction curves Figs„>132 & 155 for London Clay when compacted 
by the B.S, compaction procedure and the 500 lb/sq, in, static 
load, -. • The. zero air voids curve is much closer in the latter \ 
case than .in the former * indicating. high' .air voids for clay - ' 1 
compacted with the B 0 S. compact ion. test and much low air voids,-’ 
when compacted -under the high compactive effort. Accordingly! ! 
lower .affinity for. absorption of water in the latter case* and 
hence greater permanency against climatic.conditions and longer 
stability, 1 ’ ■ * \v\/ - ■ ; •' > .
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HYDRATED. • LIME ; ON THE 8TREHGTH Q^_ IjQNSQN
GIAY,. ..;• ■ .. '■'
" •. \ To investigate, the effect of hydrated, lime on London Clay
, untreated■ and..treated with;0> of spent lye ;f rom ,the sulphite : 
and caustic soda processes the .procedure explained, before, was 
. followed.. * : The strength of the - different mixes was measured i /
;* immediately "after ’compaction, .curing at room.;, temperature with - 
constant, fluid ,content, for 7 & 14 days and curing in a humid 
htmosphere; foz\;.Y< days. In the first curep,,.the specimens 
were .completely'. coated .with paraffin waxy and in. the second 
. cure'''n6:“;paraff.in. wax .was used. . Tables .4041.& 42, give the 
results of such investigations • ' '• V: •' . ' ■ • '*;/ •li i : :
."'1. V • > ■ TABLE No. 40 '-••• /- :i I i " I  - 1;'
/Effect' of .Lime oh Comp re ssive Strength of; London'’; "V- ;: 
;. ; ; Clay Treated & Untreated with Spent .: Lye * ■ . % :
• —pi; 1~.>I if. 1 I J». I
fege of iSpe.nt Lye . per .Dry Wtv; 
. of Clay U v / ;
%’age of Lime 
per Dry Weight/
Immediate: 
Cornp * Strength
Sulphite -Proe. Caustic Soda . 
. „ Proc, ~ v
• vof Clay ' '•••;• V lb/sq., in. '/
\\v ;V ' 0.', Y ; i Y \6 ••I; 289 ' '
- a. yp ; y j./'v: :’0v'V 'Y Y , 10 ' . Y v ‘* 505: _ -'h
■" ; • o V; ’ y,a •> I'Q- ' 'Y-Y 15 , • 5 2 6  ’• -'
Y  Y ;•/ S.;::' ‘■“YY V/’yaSiS; '/vi
-Y Y  Y -^  Y; YY.Y:' . : • ’ . 5 . . - , : /V-: p b i 6 /.
: ‘ • '; • Table 40 indicates the increase in the immediate strength 
of London. Clay with the -' increase in the amount of lime added! ' 
However, the treated clay with 4^1 spent ,iye.;-and:'mixed,.with.'5% V; 
of lime shows higher strengths 5than those for 5. & .10$! lime when 
mixed with the:untreated clay. . > v . ■: I ; ! . - 'V; >./. /; "
'I■I
. •; •' A t comparison between Tobies 38 & 40 shows very clearly . .. y// 
the e f f e c t  cflimeon the • ; strength of cloy untreatedvor treated. .
with the spent-.lye* * /The‘ strength of untreated London Clay has ■// 
increased from 162. to, 2,89 lb/sq* in* when mixed with 5/ of lime - /
.andlit. has further increased to 326 lb/sq* in* when 15/ of lime //>
was added* .. The .treated ;c3.ay with spent 'lye and-.mixed with- - ...//
. lime .proves* the same.' - ‘ / ’ * / ;/ / V; a ; .•-.//. •/••y\1 •.
. /-. The addition of only 5/ of lime to the clay treated with 
spent lye.has shown an;«immediate strength higher thaii a 7 day . ; • 
strength for the same treated, clay, but mixed - with 5/ cement.- 
In the case, of lime the immediate strength is "313 & 316 lb/sq. in. ’ 
for spent lye from the sulpliite: process. and caustic- soda process 
.successively compared with 505 lb/sq*in. after 7 days, curing 
in the case of cement. This indicates the immediate effect 
of hydrated lime on the strength of London Olay and its superi­
ority to Portland cement,! -y , y! . '!/*•-, • y y- v/ !'. ■
EFFBCT OP METHOD AHI): TIME OF GURlHd ON ’ LIME) OIAY MIXTURES i  ‘ V'y .1 
Cur.inp; under Constant Fluid Content* * . /’/;/ • ■ y
It has been already mentioned that two of the five lime- 
•clay mixtures were coated with praffin wax and stored at room 
temperature. One of these two specimens was tested after ‘7 . ; 
days' when the. other was tested after 14 days. , / Table No.41 /! /
shows the. results of such method of curing/ ' . '/ ‘ /.-••; • ’
- . Oomparing Tables 40 & 419.- it-- can be seen very clearly
the: effect of curing• oh the strength of London Clay untreated -1 :■
and treated with spent lye-*. .- The strength has increased very y //
/;' /-•_ y >';>>■:• TABLE No ,v 41-; :■ /■;. ; ;/,; :;7 v/\> ; • 
•-.vStrength5 for Curing .at: Constant;Fluid Content .
$age of. Spent l»ye per • 
. Dry Wt, of Clay / .* ‘ j $age,of, • L1 mehe r Dr v-
Compressive Strength: /';/ 
Ih/sqi in.o \/ ./y,;. ;C;
Sulphite.:///
Process
Caustic. :■"/’ - 
Soda Process
jlauv i. —
7 ■“/ Weight : ;
of, oigy /
7 days. /,. '/- 14 days;
‘;. 0; ?- / ;5. /• -',// .. 516'; /■;'// • 585 ■: v-:
/  0 '•:/: \ :V °'..C. '■ ■ 'i° .. fV; 5S7 •,;.;>// 550 /./'/
• 0 ; '/•;'. r 15 ..-•/:; 608 ‘ 662 V;/f ;
^ / :;/4 V;-- '• ••" Q' : c-V.-S'Y /•// 401 /A ■ 439 ./'//
■/; 0: • ' / 4 • 7 ; V 5 .'
“WK ■»'»*< V»T «"T> |
. ; '448' A///
. r'W .-kMia
\490'; '/: •. /
.appreciably after; 7 days curing and has further.'Increased;, after 
14 days a.. For instance ^ the,, strength 'ofuntreated; ^ ondon vClay 
mixed with offline, has increased, from 889 .1b/sc£.in. for no 
time of curing to 516 I’b/sq.Vihi after 7 days" and has.fur there 
/increased' to. 685; Ib/scx* in. after; 14; days- 0 \ The same'•character­
istic can.he evidently noticed for mother.lime-clay mixes. ~ 
However, contrary to\’the fmme&iate strength,, the trotted clay 
with spent lye, both processes, have shown.lower strengths than 
Vthe. untreated clay mixed with 5 or 10$ of lime after 7 and 14 f:
days. - v . •’ ’■ :vi.'C./ '- .\. / . c j •/:''■■rf-:
• “ -The treated clay with/spent' .lye from the caustic soda H  f . 
process has shown much higher strength than.that-treated"with. 1' 
spent.ilye...from the; sulphite process after 7 or 14 days curing.
/,■ ;1. : A comparison hetween/the .7 days compressive-;strength; of ': 
untreated London Clay ..when, mixed; with 10$ of /cement/ and' the - • V ‘ 
same clay mixed with only 5% of lime., shows the superiprity of , 
hydrated- lime on cement . > • For 5% lime the 7 day s strength is / ."/';
•616 •.'•lb/sxq.vin/;;.compared with. -385. lL/sg.»ine for 10$ of cement.
Our,ing ^ in ,i ;Humid• Atm o s p h e r e . / ’ \ ■' / ;
Two specimens of each, lime--clay mix, treated with spent 
lye or untreated, were. cured in a humidifier as previously , . 
explained -in the procedure0 One of these specimens was test,ed 
after*. 7 days .when-.the other was tested after 14 days, The 
results arexgiven in Table 4-2,, -1 - . . / ; "• - V
' ' -;.v ‘ TABLE No, 42, - ■
Strength- for Curing in Humid Atmosphere 0 • ;
$age of Spent',Lye > per 
Dry Wt*; ’ of . Olay < . $age ' .of Lime, per Dry Wt. - 
of Clay ; ’
Compressive 
. lb/sq. t
Strength 
in. -V:
Sulphite 
...Pro'c, Caustic Soda Proc... 7. days 14 days.
* • •. - 0 v ' ' °; ;• ’ 5 • '. 432 ...•/. . 421 >
;• ' 0 * 0 'V ' ' 10‘ V. '•.i.h 516 ' 540 .1.
. 0 • . 0 ••■'* ' 15 ; ■ ' 483 523
: ; . 4 • * *: . ; ‘ 0 - ";: - 5 283 . / . 330 • -.p 1
. . 0 4 ; - • - L ' ' ; V* 299 381 ;
These results show that the highest strength .of London ‘ 
Olay for this, method of, curing has Leen obtained for 10$ lime 
for /both 7 .&.■"14. days curingD v* The strength; af ter 14 days / "I,- 
curing for the- 5$ of ..lime added t o ‘the untreated clay is lower 
than that, of the same mix after:.'7 days which shows that for 
:this percentage longer time:of.humid curing is hot.heneficialV 
‘Here - again,' the treated-* clay with spent lye; is inferior in 
strength to the untreated clay .when Loth mixed with.5$ of lime,. 
However, the general characteristics, i>e,;. increase in strength 
with time of curing, still applies to the-.strengths’ of treated
; - ■*; -y-. s i / a ; ;v '  “V' Yi-uar.’;’ “ ‘ -v : ' .'YY*YY
olay and::thpse,:pf- iintre;ated clay for - ^  15-^  °f. lime. ..For the
■ . :same percentage of lime, the . treatmentv. with spent lye from the.
..caustic soda process is superior to. treatment with • spent lye : / ,
: '.from  the sulphite process, . • ./ ; /■ f . ■
When results in Tables 40y 4 i ; & 48 are compared for. the 
: . : same mix?v o r . same ^mix:and treatmentv it. can be ; seen that higher-'.V- •
’ *. - strengths have been obtained fo r cufing at .constant .fluid; content.,. ;
• Curing in ’humid atmosphere gives higher strengths than; - immediate •
‘ • : strengths,. '.However, this is  hot ;true fo r  the treated clay with . • ;
y/:, spent lye and mio jd  with . lime; as the strengths1 have decreased - V; 
after 7. days hunid curing .but have substantially increased when
• v-:, the specimens .were allowed to cure f o r . 14 days. “ : V
' C QHCLUST OHS p • • ~ - Y, . / \ *>:• Y '  •' • " Y; /Y ’YY * Y / I  Y f  Y’-' Y
l )  o Mixing; London Clay with lime ', f  gives higher s trengths than 
y; ;:/ mixing with any* other chemical inv e ©it i  g a t e d in the pro sent! work 0 .1
n; ;. ■ 2): ■ As . low as 5$ hydrated lime; gives London Clay as; much as. j f  Y 'Y  
:/ about 35$ higher strength than that' of. 10$ Portland cement ? after .ho
’’ . -  %] days curing at constant moist lire content fo r the same compacted',
maxinmm density: ahd optimum moisture content. ,:.Lbv;v • ' '.‘:hY ‘ • -;Y
3) .. Method and time o f curing have great effect-on the domp-: ’ .1 •
; . ressive strength of clay untreated o r t  rented, - when mixed with ’/ . 4
;Y:Y hydrated:. lime. ; : , *':YY y ..r; - Y ' y V  y-Y Y-’• ’ • ' . . A
• ., 4) Curing at constant, moisture content at room temperature 
> ; is. more benefic ia l than curing at humid atmosphere* ' V ;• . ■ ' ,' I , y
:. . 5 ) •* Increasing .time of curing.. ;sb ows increase in  .strength for ;
’,; , untreated and treated /London. Clay: and':mixed with .lime, i •/Y  'Y ;
CHAPTER 4/
.OAPlUAEy WATER ABSORPTION' TEST.
. / - 5- 216 - .
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G-eneral Considerations1
• The .suitability of a s tablli&er to he used in the field 
cannot, he determined on the ‘basis of. stability:/tests- only and >: 
it should he supplemented .by a sort of permanency test, The ‘ 
ahsorption test.has long been chosen by. many .investigators 
for such purpose (77);, (ill) ,(112). However, the procedure of 
the test differs from one investigator to another. • . ; / V:/:.
; -/. / In the United States, the capillary water'' absorption test. 
is carried out on specimens 2 in.. dia. x 2 ’ in. compacted to 
standard A.A.S.HVQ. (T 29-58)’optiniUm .moisture Uhd density , 
with various percentages of a given stabiliser .(112). The 
specimens are cured in a moist atmosphere ' until they have dried 
back to 55$ of. the optinium- moisture content... Then - they, are* 
placed in a humid atmosphere in a pan with the bottom Jin. of 
the specimen-submerged,'in Water" -for' 24 h/// The satisfactory 
percentage of treatment will control the capillary absorption, 
to a point where not more than’75$ of optimum moisture content 
is obtained after 84/h. - I'- ; : ■ /V ' " /•.
In the United Kingdom, the. test is performed on 3 - in* dia. 
x 5 in.. specimens, compacted to the/moisture content and density * 
corresponding to 10$ air voids under B.S. compaction test. The 
specimens are coated with wax and allowed to/cure at roonr,- ; 
temperature for 3 days, after which the', wax. is: removed from 
the top and5 bottom surfaces of the specimens which are then: /h;
- . ' .. \ ' ■ v" — 2X7 *"• ‘ ...» ' \./ • .. ■_ v. ' . , • *
iiraaefsed: in .2 mm, of water in. an air-t’iglit t ank*. The increase : 
in weight, of specimens in .gms. after periods of 1, 3, 7.,; 14:.4.
28 days are re cor dod and- considered as the water: absorbed hy 
the specimen in the specified time. The requirements for a /.•
? satisfactory' stabilizer; is that the water’ absorbed shall, not ' 
excised 6-8 > gms, after. 28. days immersion (93) > (102) .
Bbwever-, Jackson (77;) s; in :asimilar. procedure to that , - 
used in. the Road Research Laboratory, in which the stabilized 
soil was compacted under’ 3500; lb, for 2 in0 ax 3 in. specimen,. 
considered that a water absorption of 15 gmsafter two weeks aa 
or 20 gms. after 28 days as a crite:i?ion;for. the satisfaction ;a 
of the stabilizer to be used in the field,' /../aV."-*.;;
. .  ' ■ In the -prosent -  ihvestigations,- -tlie capillary water • .  •  - V
absorption test was carried out in accordance .'.with the proc e&ure 
mentioned in Ohapter; XI, The results of .such .tests: are-.given ; , 
in .Tables. 43, 44, .45 & .46o and Figs, (143.- 145) . . ; ' -
EFFECT A OF -SPENT i LYE ( SULPHITE PROCESS') ON CAPILLARY WATER .;- 
ABSORPTION OF LOHDOH CLAY.;/' ' .'' ; ' ■ a *' /* ■ • /• v-
Tabie,43 shows the re stilts, of the capiildry: water absorv ;. 
ption test on Untreated and treated London Clay with 2<>4,6,8 & 
12$ ;of the spent, lye from the■ sulphite process,
, It can be seen from these results that the water absorbed 
by.the treated clay is less than that by the untreated, and that 
•thia* -reduction% in"/absorption.;is-• more pronounced for higher 
percentages of the spent lye. Furthermore, the effect of the 
addition of the. spent lye; in: reducing the capability of the old:/ 
to' absorb water is clearly indicated after 3. & 7 days, ;• : , ;Y
' B-l.8 ‘
TABLB No. 48; : :;
Effect: of Spent: Lye (Sulphite -Process') oil the 
0£piliary Water Absorption of London. Clay.'
z&age of--Spent 
Lye per Dry 
We ight of Clay
Water AbsorptionWHtW*ClflVjh* M J*>rnWn)»t.MTW, No, of Days
in gms.
.5 'JLJI..LL3 5 c : : h 81; . " 8 8 ~
. • • o . 18 o 4 . 35 0 6 . '68,5 ; 75. 0 •' 74.9 ’^ 76.0
11; 6 58,0 54,5 • ' 71.8 76.7 78,5
' " ,4 .. - 8,8 18,9 52.6 ;., 52.1 -64.4 .- 71.5 :
• . 6; . 8,2 ,18,4 51,9 . . 55.7 75. 5 83.8
• • 8' _ 0 * V L : .7.0.. 14,8 27,8 ' 46,8 62.5 . 68.0
::12 : 6>0 ,, 15,4 2.5 , 5 > .57,5.
>«». pmr
48.5 56.6 y>:
m 1 n^i m,Awi •wmM
..;; For; the untreo.ted clay s .water was .much-. absorbed; during •
the first, seyen days after which water absorption*was comparar '
■ tively; small',.. In this , case thewater•■'•a'bsorbed in; 7 days - is -• •'• -
68,5 grnSo compared with 7 5  gmsv absorbed ill the following 21.
. days. This is. contrary to - the treated clay ? as most of the,
, diff efont percentages- show higher t absorption of water, in the- ' ,
last 81 days than that in .the first - .week" as can be noticed in • '
Table 44, ■ ; . 1. ‘ • ■ "" ‘ ; v . h* Ly ' • ,
,V:; • ‘ ; TABLE' No. .44 *, y . ■
,• -• Comparison of ;Water .Ahsoihed in the First -and Last
• V '•* ht ■-.' Three ;Weeks, 1.. • \ \
^age•of. Spent Lye 
per Dry Weight of 
. .Clay \
■Wat.eriahsorhpd in ’gms., t; •'* h ;
. 1st Week. Last 5 Weeks L':; '
•: 67" •. - .
' ■ / ‘ /-&'■ v-; • 
- v • h 4 . : -s.v ' ■ v. he'd', v •:* •
8 • - - '
ihhy; 18- V
r.wi* A^umww w» v»,r.
' . ' ;■ 68 .5 i - ‘ '• '
:• : . • . 54.5 : ;
.1 ..'32.6 
<0 .3119 
27.8
■ 23,5 /; / ;
*V^ « V#MW r».«r«w l, \ **•' -■ V
■ ' 7.5 ■  ^ ;: 
■ - 24 .2 •: . 
’:28.;7' - •;
. ,• ■ 51 , 9 
\ *v 40V2.1. V ’ : 33.1 . ; -
, ■ y; 219 — .;' Y- Y .YY ‘ • Y\Y- ' y y / *yY
. . . . Such 'a' comparison shows very clearly that the spen lye 
from the sulphite process .is a' "waterproofing: agent -and they /. ,
bacterial activity which; comes iiito the picture aftex* seven
days is responsible for decreasing its■;waterproof./ ’ Thisiwas
noticed by : the bacterial, -growth. on, the top- and bottom; of the
treated specimens after ‘about! a week of the test. •. The 6$agey
of / the spent lye is the most favourable amount for; bacterial / Y  •_
activity such; that, the final, amount of water,.absorbed by the
specimen containing this percentage is higher .than that: absor-
bed by,; the untreated clay, v; : \ y •' ' . . :
... * -To.counteract, such bacterial a.citvity a germicide chemical/*
should be added, so that sucii stabiliser - could react at its / -
utmost. , .Fortunately, the germicide.; substance required is . /'
usually effective -iru very,- small .quantities’* that its addition /•/ V;
to the clay would ixot increase the cost very mucin Work carrie’c
out by Jones (113 ) showed that as low as 0,01$, of - mercuric i
chloride or 0.1$ of .sodium pentachlorophenate was very effective
to. counteract bacterial activity in; soils containing resins. ■ •!•-
The spent lye from the sulphite process contains resin acids!
(109) and the above mentioned germicide chemicals may be effect--, v
ive* However, more work is; needed in- this field*, ; '■ Yy Y* *■
Table 43 ? shows also* that- none" of the percentages, used / * ;
has fulfilied . the /.requirements recommended by Jackson or Road; •
Research Laboratory.; • But - it does-not follow that this spent ■
lye does not possess the; property of,waterproofing clays;.. /y The
criteria recoiximended by the Road Research Laboratory seems to
be .low, specially; as\thef6;' is no published data, which can, justify
such criteria*. Purthermorei,the soils on which these tests - 
were conducted hy these investigators did not have a: great : , 
affinity to*water as that possessed hy London1 Glay, Accord­
ingly. <, it. follows that a higher criterion is>required for the 
ahsorbed'water: hy treated heavy clays like that investigated 
in the present work0 Such criterion should he based on the 
correlation "between laboratory and -filed tests. ,v ' V \  -Av
: WFW%'. Off ■ SPEOT • LYE: ffROM. S M B PAUBTIC • BOpA ,3?RQ 0 E ^  • A
.•' : u - V . /V,' /•."** v  aOa'a  o--
* .; a The Are Suit s ; of ;• the capillary water absorption test on 
untreated ..and.-/treated London 0 1 ^  with spent ..lye from the caustic 
soda process are given in Table. 45* y! •' •
■’ V ■' • o. FOo 45,; 0"‘ : -'A
. , Lffect of Spent Lye from the. Caustic Soda Process; L-
. on the Capillary Water/Absorption of London ClayAy - • A
%s.ge of Spent Lye .per 
Wei ght of Dry.Clay vc;
♦ w 4 .N*Ti l «fc> I.I» .UI.V4A
Water absorbed ■ in gms. y-\ y
; No. of Days
• f V ‘ .• ,, ,1, •: 7 ; ;„14„. :!;. _ J,-n u z
: • .. :' 'P ■•■".V ' ■'IS«4 35.6 ;- 68.5 73.0 74.9 76.0
A A' c • ■10,2 24. 5 :51vl 70.5 73.0 ;73v5
; ’;4y V- -Av 11.0 26.3 50. 5 ; '74,, 7 79.5 81.4
•y-y'y a 6 \ ny IS. 7 ,31.8 ' 60.0 ' 80.2 84.8 : 86.1
• B ■■■.;a-" ;•10 6 9 V 25.9 46.4, 69.2 79.0 ;• 81.5
y' y  a- ’ 10 V -VV 9.6. ; ;22.8 41.3. 63.9 ''75.3 • 78.9
f«*4 ***■»%* M* - _M * » M* > ”>. WV r.~r . Ir •
. Such/results show ithat the spent lye;'from the caustic .; *• 
soda, process does ■ not have any waterproofingi^effect on.London 
Clay,, ! : In fact* in the majority oiV cases ? -spec linens treated , y
Y - • /  i  , Y  ' -  22% , ;  y  Y ’ Y - .  - Y / - y y -  y y
.with the, different : percentage s.; of this, lye absorbed water in . u, 
detrimental' ..'quantities’, in 'contrary "to its brother chemical Y y  
i0eo spent' lye;from the sulphite process, although the former; 
Showed superior-strength than the.latter before any absorption 
of waterY Accordingly, due to its high affinity to water, 
the spent lye from the caustic soda process is not recommended 
to’be-used as a stabiliser* •* ’. Y ’ /. ' v
EFFECT OF IiYDRATED LIME ON THE CAPILLARY- WATER ABSORPTION .OF 
LONDON CLAY
tj»
From Table 16, which gives the results of the capillary 
water absorption of London Olay admixed with lime> the high • Y  *' 
effect of:hydrated lime oh the waterproof of London Clay -is: 
clearly, evidenced, ■"■-.As low as 1$ .of lime has decreased the 
water absorbed in..28 days from 76*0 gms. to 57,7 gms. which 
shows nearly the same. effect of -12$ of spent lye from the -bulphite 
process* However , this l$yof lime has increased the clay , Y  
affinity, to absorb water for the. first three &ays£ but this . 
affinity has decreased very much after 7,14,21 &. 28 days: : that Y 
the amounts absorbed in these periods are very small • compared v 
with, that of the clay without lime for the same periods. A '•
\ ■’ Increasing the amounts of lime decreases the affinity .of 
the clay to absorb water very considerably* y Again., :the water 
absorbed for the high percentages., i,:e0 5,10; & 15$ is very high . 
for. the first three, days compared with.- the, amounts absorbed in 
the reamining 25 days , b y . the same mixes*. For instance., the : • .0;
amounts of water, absorbed after ’three days for' 5,10,15$.of iimp: Y 
are 16,8,8.9,& 8*8 gms, respectively compared with 4.9,2*9 & 2.4
•-» 222 r* ,:-
gms f/has orb bd in the following 25 days ,
: : ’• - . 1 . ;r '
Effect of ;Hydrated Lime on the Capillary Water 
'V . ' ■ Absorption of London Clay.- ' . ' • •'-;
$agp of HydratedTLrCme * " per Dry Weight of Olay
Water Abeorbed ’in gms.
No, of .days
;“~vd.A ‘LZE3Z 7 2IJ&I " 28~
: ; 0 . : 12 . 4 35,6 : 68,5 75.0 '74,9;; 76.0 /:
’•-..v ■ A-ii... -;7 ... a a a 24. 0 49,6 52. r 54 o 6 ■ 56.4 57.7
A- A-A5 ’ V' A  ’ 8.0 :16,8 19,8 -80.7 21.5 SI. 7
;.-v .V■ A •10 A :.:-v. • a  A 5.5 , 8.9 10.0 10.9 11.6 11.8 ■
1 \ - I 5 ; 1 v •" • 5 ,7 8.8 9; 6
•» r» *»w , *» r*»ir* #»•
10,8 11.0- 1 1 . 2
The ; amounts of water ah sorbed by admixing 1.0 • & 16{$ to t he 
clay are nearly identicalwith ’ a, slight reduction :f or :'the 
Hence^ :increasing the "percentage of-lime more than 10^ ? does not 
improve' the waterpr obf of the. clay appreciably so that it may , 
he uneconomical tc* use higher percehta^p; other than 10$ as. far 
as waterproof of hhe clay is concerned. ' ; ; \ 1 A A". .
The addition of the different percent ages' of lime has. hot 
fulfilled the Hoatl Research Lahoratory requirements of 8 gms. 
absorption after 88- days j • hut 10 & .15$ of lime have fulfilled 
the criteria recommended ‘by Jackson*- as tlie amounts of water ,'v1 
ah sorbed- in 14 , clays are ' 10,9 d-10o 5. ginsV respectively, which 
are greatly-less bhan the .required figure p:f 15 gms, However* 
the 5$ of 1 imp has shown - an * absorption of &•! • 7 ■ gms. in 88 days 
which is V?- gB&only higher than the requireinent of .Jackson. of . 
80 gms, for. the gjame;period« - : ; ,/V'- V;< .
. It has been already shown that these criteria are very
severe due to the*'liigh\affinity - of London Clay to absorb :water * 
'Should milder requirements be * recdnimended^. lime will . def initely 
show,:its^Bu^'eribrity^t6;majn^ stabilizers „ :•' •’ , - - ” I D :
■ 1 .. -.The compressive- strength . of lirae-olay . mixes were measured 
after 28 days■*ahsorption, *' Table 47 \shows the, results of such - ■ 
measurements.-',:? 1 . V '
... . •' ■ \ *: ■ i.:.v table;n0.47
Cqmpressiyc = Strength of. London .Clay, Mixed with- 
lime * after 28 ..Days Absorption* 1 1 > d •
$age of Lime per Dry.- ! , Weight of Clay -,' / ; :. ■. Compressive lb/sq. oil
S trength’
/ :.‘-o 1 / '
; 5 ' 1; 245,’v*; ' . •: ; 1'- \*:
v-1 / ; ;. 16 ’V; 275
v" ■*•-15. ;/ V ’ . , 340 /
1 HIT*
TheseVresuits show very ‘clearly1 the great success of lime, • 
to stahi 1 ize :a heavy clay like London Clay0 Comparing Tables 
40 & 4 7 ‘.it can he, seen that after 28 days water ah sorption 
the strength of London Clay mixed with lime , is 85^ of its 
immediate, strength for" 5% of lime ? 91$ for 10$ of lime and,.;
104$/for; 15$ .of, lime* - These'"’results; are;-very• remarkable;-as, 
the specimens were cured for three days only before performing 
the absorption test. Should such specimens he-cured for. longer 
periods ? better results will; be -‘obtained. .
Such high strengths have been obtained$ although.the 
water absorbed is higher . than that recommended by the Road,.- y  
Research/Laboratory? thus . confirming the necessity of change l ­
ing; this criterion. > . -The/ new;.criterion should be based on
laboratory -:arid- field tests on different soils and on e. certain, 
percentage, of .the waijer. absorbed by. the raw • soil and not merely Y : 
an arbitrary .figure:of. absorbed water for' all soils. '
CONCLUSIONS*. - ' Y ;  ; ' . , / '. " Y Y :'YY
1) , Spent lye"from the sulphite process decreases the affinity 
of London Olay to. absorb water and could be more effective if. v.
a germicide substance is added to, counteract bacterial activity* Y
2) 6$ of s pent lye (sulphite process)is the amount most - Y
favourable for bacterial activity* .• ; • . . Y v -
3) /Spent lye from, thejcaustic/ soda process seems to increase :'YY 
the affinity of London Clay to absorb water and it is not Y:
recommetided to be used as a clay-* stabiliser* . Y‘ /* ■
4} . Hydrated lime is:the most ’effective agent to waterproof.
London Cloy on the merits of its low water absorption and the’ 
high strength it imparts on the clay even agter a prolonged - Y 
absorption test* - •' ;* ‘ Y •/ \ , . . ;/Y. .... •
5) , A milder; criterion than that-.' r.ec.prnmended* by ■ the Road:., Y ‘ 
Research Laboratory,, for .the capillary wateo?. absorption test
is inquired, Y Such arit.eripn • shoxxld be. based oh laboratory
and f ield /tests . and on, a 'certain percentage/ of the. water. ■ ■ /;: / :
absorbed by. the raw soil, . Y  ■ Y • -Y . Y.. . / Y *; ,v
'*■* 28*5 —
CHAPTER 5
THEORETICAL APPROACH TO SOIL STABILIZATION .
7-7:7 : . WITH CHEMICALS, ; 7' -■■■.•' ' A 7 7  '
General Consideration,.
... .Pine soil particles 113^ e those that constitute hea.vy /■ V  
clays have, great, surface activity which is .responsible for. 
most of the phenomena encountered;,in; soil stabilization. The 
.ion exchange phenomenaP which is greatly associated with the 
stabilization of :clays 9. has been peryiously explained in detail 
that there is no need for it to be; repeated* However 9 a : 
rapid .and, concise description of this phenomena may help 
greatly to build.a picture of the performance. ;of stabilization 
of . clay and may be a .step to compromise between some of the , ' 
results'of, the.-present inve s t iga t i on , . /. \
It is now; a well known fact that the clay mineral carries' 
adsorbed ions in;, the thin adsqrbed’film surrounding the 
particle., ..In the presence of moisture ..these adsorbed;' ions. • ; :- 
are partially dissociated into the sxxrrounding v/ater films.
If . the mine:ea.TL surface is predominantly liegative the exchanged •: 
ions will b e •cations. On the other handP if the surface.is , 
predominantly positive the exchanged ions will, be.anions, - The 
exchanged cations may be.inorganic depending upon the stabiTiz~ 
QT . used and its constituents. ; ; '. .Y. ■ ■'•; . - : .•• Y  ;
Materials added to soils for. stabilization purposes will 
r.eact physleally or chemically 1with the su.rface of the soil 
solids (97)* The type and extent/of such, reaction and the 
degree of stabilization achieved depend"upon the .physical and ' /
A ,V ' A,.,- \ •; *'■. -V ", A : *" 886 T 1 '• ■ A -'.V ■ A' •
.• • chemical' character as,;well as on .the properties of* the;. -
: stabilized agents'.-, ; A  A  i ; ; . A -Ay, y.yy ; A;7'y. ••• 'A  7 y -A Ay
: S-oeht Lye!from .the: . >;
.. “ A  . • . This waste liquor mostly constitutes, organic substances
, and hence the cation exchange is essentially ah organic one v.-A 
as will be shown in. the following ’s'yA v ,:7 : .A :A- :
, ■- : Gdeseking (lOl) reported : that many research workers 7.V '
A • showed that any soluble organic-:cationic: compound can. be.' ;y; i; A  A •;
• . . expected to be strongly adsorbed by clays by exchangin the ;•
organic option for ,the inorganic cations in the clay. - • y;
' y A y -' - Many surface active agents have a. molecular structure . A-'’
which is - essentially oblate 9.\i0e,; consider ably longer than .it 
iis . wider (114 ), Usually they are dipolar * one end of: the , '
U * . : . oblate, structure comprising a hydrocarbon radical of hydro- . A ■
. phobic (wa/fce.rh. a ting) nature* whereas, the other' end is. a - •*. -;
. hydrophilic., (water loving) nature. - . The cation active or ; v •, Y7
A A ' • cationic surface active, agents are characterized by ;the; fact.
• * that the hydrophobic, group forms .part of .a- cation when the .
A.. compound is dissolved in water0 ■ ' A ; iV \A 'Ay
■. . -A  How* what happensswhen. the spent lye is added to the clay
* may be easily underetoodp The. molecules .of. the spent lye may 
be of the oblate structure* thus:.according. to:-Davidson* com- A :
1 prising a hydrocarbon radical of hydrophobic at one end and
hydrophilic. at the other end. When it dissolves lh water the: .f
Iiydrophobic. forms a cation, ■ When; it is. added to London Glay
• . which has an .exchange ;capacity ; of 24.7 m. e./lOO gm, of soil*( an A-;..;",
-• organic ca.tion exchange takes place.1/ (.'Thus breakingpthe : • 7y y
ads orb ed -water f i 1m stir r ou;ad ing the mine r'al par t i cles and 
giving more. .lubrication to, them so that when the treated soil 
is, compacted under a certain compaetive effort / a; denser stab­
ilized clay is formed with\lower fluid content.' than that for 
thesoil without-the stabilizer9 when compacted under the same 
effort. The more the percentage, of the spent lye added, the 
denser is the compacted clay and lower is its optimum moisture 
content. This is quite in agreement with the results of the 
present investigation/ which.show: that the maximum density of. 
the compacted clay under a static, load of 500 lb/sq,in. has 
gradually increased with gradual-increase in the percentage of . 
the spent, lye from 109,6, Ib/cu.ft. for the untreated clay to 
• 112,6 lb/cruft*. for the. clay'treated with -12$ of /the lye*
Again, the optimum fluid content.has gradually, decreased from . 
20$ for. the untreated clay to 1.8$., for the treated clay with ,12$ 
As the cation adsorbed is hydrophobic, which is water .... 
hating, no doubt that the addition of the spent lye to the; 
clay will impart:-waterproof to the clay, and this waterproof ' 
Increases with the.increase in the percentage of the spent, lye. 
as more hydrophobic-cations will be adsorbed. This character­
istic has also been shown in the present investigation as the- 
water absorbed by untreated clay after a week is 68-.5. gms, 
and decreased gradually.with the gradual increase in the 
percentage of the spent lye till it is only 23.5 gms. for 12$ 
of the lye, . However3 bacterial aeitivity,tries to reverse 
such property after 7 days , by attacking the: hy dr o carbons.-- 
-Such bacterial activity can.be counteracted by the addition of*
:;> v Y ' ' Y  •' ;; ;:Y - 7 :;-.:. Y;/’:/! ■*. / Y ./vY y ' 7 Y* ‘ . .■ >7/Y'
■••■•/Y  / • ’ a germ icide  sub stan ce ' so-- th a t  the ly e  c a n 'a c t a t i t s  . f u l l  
Y .‘ ' / e f f ic ie n c y *  7. Y  y -7- . /• - '■/Y yy y Y  ...• / Y Y v  y Y  YY-*
: 'H ydrated Lime as a S t a b i l is in g  Agent* < ' ■ Y  "Y ; : *'s-’
;/••••'■ Woods and Yoder ,X 85) ? ve xp la in ed  the fu n c t io n : o f lim e/pn Y-/
s o i l  .by the fo l lo w in g  summarised th ree  b a s ic  re a c tio n s  s . Y y / -  Y.
i )  . A l t e r a t io n  o f  the v/ater f i lm , su rroun d in g  the: c la y  y /.//'
Y m in e ra ls . The /strength,-.of the lin k a g e  betv/eeh the two c la y  - . ;
m in e ra ls  i s  dependent on the ch arge , s iz e  and h y d ra t io n  o f  Y Yy 
■ •- . the io n . The. ca lc iu m  io n  is  d iv a le n t  which b in d s  the s o i l  
- •.7 '' p a r t ic le s  c lose  to g e th e r , thus, decreases p la s t ic i t y ,  and. re s u lts  / 
• •■■ ": in  a more g ra n u la r s t ru c tu re  * ■/-. ■: ■ ■ . . ' y Y / !  ■-
i i )  C o a g u la tio n  :.or f lo c u la t io n  o f the s o i l . p a r t ic le s ,,  - ; Research 
/ , ; ... d a ta / in  th is  p o in t  are m eagre, b u t data on c a t io n  exchange
c a p a c ity  in d ic a te , th a t the amount o f lim e y in d i r e c t ly  used in  
7 Y Y  c o n s tru c t io n  (5 Y ’ .10)- r e s u lt s  in  a co n ce n tra tio n , o f ca lc ium  •/.*-/.
: / g re a te r  :than a c t u a l ly  needed, ■ ; ’ V Y - ’ y .  7  ' " ‘ - Y  Y
i i i )  R e a c tio n  cf lim e  w ith  s o i l  components to  form  new chemicals;* 
The two p r in c ip le  components o f  s o i l  which w i l l '  react, w ith
; . lim e  are a lu m in ia  and s il ip a *  /7  T h is  re a c t io n  is  a .Tong term
re a c t io n  vand .re s u lts  in  g re a te r  s tre n g th s  if - l im e  •■■Soil .• m ix tu re s  -
* are  -cured f o r  a. p e r io d  o f time* This, re a c t io n  is  known b y  
some : in v e s t ig a to rs  -as. p ozzo lan ic*  .’ ‘/: ; / . .. * •*•••:/" Yy Y / y - ;
.. * T h e - f i r s t ;  and second re a c t io n  are; e s s e n t ia l ly  the same / - /-■ 
_■... s ince  th ey are r e s u l t s - - o f  io n  exchange phenomena, o f clays* , /f 
' The London C la y  in v e s t ig a te d  in  tho . p resen t work I s  Oat c la y ,  .as Y
. ./Y/ p re v io u s ly  shown in  .'Chapter 2 , and th is  c la y  has 0*5/1.31 and Y ’ • •
. - 0*3 m* e,o/l00 -gvof K"*Y Nat and M gtt aflsorbed to ; they'surface o f  •: ..
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the clay mineral; beside - the great amount: of Ga4**4 The ■ 1 • •.
-Ha4* &t;Mg^ '-\<j^ tiohs -oan’ be- easily , exchanged by the Ca4*4* cation 
as. the^ are. of lower order , of replabeability. of ions ',. (ilS;);,
But: such small; amounts ;‘of .potassium*, sodium a:o.d'; magnesium 1 v 
need only small .amounts of lime for their exchange. Thek.V i 1 v.: 
results of ; the present investigation, shev/ . that the strength ' -1 
of clay increases with the increase.in the percentage of. lime-' 1 • 
up to the maximum percentage investigated9' l,,e0 15$, *. 1 Should : 1.1,.;
.it be needed to exchange. the; amounts of ;K+ /'Na*.. &. Mg4> by Oat4*. ; 
of. lime, t o . give the' high - strengths obtained , lh, ;t.he present • . ' 
work P.t a • small amount of 1 ime will ;b e bequired after which any ' 
further increase in lime would:’not affect the strength of•clay 
any further. Hencey the-cation exchange of .calcium for the . 
other cations on the surf ace of; the;' clay particles could not ■ 
be the . only react ion that ta.kesplace, .Accordingly* it 
seems very probable that bbhe third .reaction/ mentioned b y ; Y d  
Woods and. Yoder' i'd; ev chemical, reaction? with thealumihiad. ’. 
and silica that constitute the /clay mineral to form new chemi­
cals is the reaction ylicih gives high strengths to the clay 
and renders it as a good waterproof soil,/ . . d : ■ -;v • . . '
•>
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;7y ( chapter 6
GEIH3RAL DONCLITBIOHS
' ■ ; y/: y.y :i;Tiie present work has indicated .that the spent lye from. ,
'A; • • the. sulphite process * ••which is a 'waste, liquor from the paper - ,:. ; '■
. mills * has .increased the;itaximum : density, and ^ decreased the ,
"... : optimum fluid cohtent of Loh&on Clay; for.; a.ll the different .
• • percentages used ( 2 - 12$)y , The strength? of the clay has not A
increased appreciably/by the addition of . this chemical.! <••••■ ,A .
, ■'; However * it:def initely-decreases the affinity of London Clay .
: to absorb - water ’<hich is a • gr ea t* advantage,- ‘ ( Such property •/ (
-is. greatly -affected by- the bacterial activity , which calls .for Hi 
;p ‘. ;'•. - the need to. use a germicide substance* so that the lye can •; ,( . • 
react at its .utmost efficlency and us ed as a; good stabilizer;-; A-' 
A  for London Play.;:- • As the germicide -substance could be effective 
Y V . in very small amounts*; it will not add substantial increase . :
A y ' A i n  the costs of- stabilisation* - A A . A A v y A ;  A-A ' - • ' AAv 
■ x: V- -. ( On the. other . hand spent ■ lye.- from the .caustic soda process.
has; not shown much effect on the ; maximum density or optimum 
.. moisture content of London Clay for the different percentages (
. ,• .v. tised (2 - 12$) in-the .present investigation, . - However, It A,‘/A , 
showed higher; strengths than: that obtained by its brother -Ay-'- 
; •(■ , chemical * ,i, e„ --spent lye: from the /sulphite process. But on '
;• the. merits of : its failure to reduce the affinity of the clay- -Ay  
,v ■; for water it. cannot^b;e considered as a clayvstabillzer:$.;,; ( • .A 
V.AA ;■ A - Hydrated lime * which is very-cheap ’material compared v/ith v 
A-AlA Other stabilizing agents * including; cement *. and As readilyA. y  :7c
available . in 'the: 'tyhited'■Kihg&dmhas proved., to be - the, most • ’ 
.efficient stabilizer investigated, - >As low- as. 5$ of hydrated 
lime has* .considerabXy*:lhdreased < the' strength of London Pl&y - 
to* an amount higher than that obtained by adding, 10$ of cement9 
whoh compacted under identical' conditions and.cured under 
similar ehviroxHTients ana.time, ; This shows definitely the 
superiority cf lime over, cement. ..... ' ' - ■ ;‘v
” . -. furthermore y, 10$ of lime, reduces the affinity of'London-
Olay for water considerably, so that it may be considered as a 
good waterproofing agent * For all the above-mentioned \\; 
reasons* it can be safely concluded that hydrated lime is .the 
most effectiyq .and cheapest' stabilizer for London Clay and as- 
low as. 10$ of lime can be used satisfactorily ...for this purpose 
.Further -work* both , in the field and in the laboratory is needed 
to demonstrate the'good quality of such ,a stabilizer,//
: v y Y/Y 7..": $ ?Y--/ / / /  w- 232.':.Y Y/ yyY'YY y Y y  Y ‘‘ y '** ; 7
■> ': - - PART IV, ;7 Y Y Y'. - -Y/ : - 7* 7
Y; 7 ■ .;• ’ ■ V/Yy.yY; . APPENDICES 7. Y yv/ ; Y Y y.;' 7 .y.-Y.,
:  7  . ' 7  Y' 7 ; . ' 7  V ,  BIBLIOGRAPHY.  7 7 ; : ,  7  ■ \  T  7 7 7  7 ■' '
;Y •' Y Y V y /  y 7  APPENDIX 1 • Y Y YY... Y ■ - y Y Y - *:Y Y. Y
•v. •*■ , .« » "t * t i -rfint1 11 *i~-i» »r  -*i -*■• V i-1• — -—i— n 1m----  ^ . *t * ’ , * - '  -1- , . < ’A -
V'. 77? , NECESSARY 0 AlOHliAi I OH S PQB OOMIACTION TESTS. / 
v a) Wot density .; 7  V '•■■' ., , ■*■',■■' :■/ ; y 7  . ' ■ ■ ..•■■':
ImilUl i « I  I ■ ,« !  IM>ll >«> «■ W r t w  1 v '7" * * • ■ • * ' *  • * < "  * t  t * *
~ : The wet. density, i s.; usually. e stiinat ed in lb/cu. ft. , and 
since- the .weight of the wet sample W,y contained in ^  cu.ft 
■ - mould, was . recorded, in grains. yy / Y'y y : - y Y y y '
. :;'-y yY.’fy 7 Wet/density;, in ib/cu.ft. *. « Y
• vY7.• '.’..7;-7 y y ; ■ / ./; -, Y ' -Y y ’-y Y ( y /  ’ y'-y, 453/6
7 -  - v 7  - •• / ' : ; / Y  ' ; - f / Y /  ;• - f; '/ ’ y ;:wY' *Y*
15*12
-b) Pry  density / y‘Y • ' • • ; .Yy,y-..YY ' ; • ' • -yY.Y
/ If  .1) y Wet density -- : vy  • y-Yy• •. -hn:. ■; W  7 . . • y ' . ■ ’ v---'- , • .*
. ’’ 7 a D.0 w. Dry density ,-^7 7- -y ... yy.y > y • '• 'V •. S - ' . • ' .. ■ , ; . • v- ' / - • •
- . _ W - . ~ Weight of wet sample, i.e.soil particles/
• \ :Y y  y - , .7 . - 7 Y - ' y y . V y ; 7  Y . , - y  y . r  + water. - . 'Y ' - .  ;• //
- WSY ~ y Weight of dry soil. y - yYy y
V . . « Total .volume,, of the compacted sample, i. e.
; < - /■ ’ . y volume of soil particles +. wate%./-fy air. YY
"■■Y/y Y ; Ww ~y , Weight of water content... Y Y ‘Y ;'
:7-Y .•' w « Moisture content per cent of dry weight. ;
Y; /. ’ y'7 From def initions given in Page 2 : *' 7 : . • y • . -:
f i Y ^ i S Y Y ^ - - • - ■ ;7-7:/V7'
/ . 7 . w ■ • y - 7 V  -■ ■: , Y: Y- • ./7 -y-7 . - /• - y/: -7
• Y ' / ' * ,  . • - - Y wo . / -7 • • ■'' . ■' ;,y •.
-. 7" ■ ’ ' s '  ‘ ' •**.• S . 7..y  ; - ... - - , .y, -y
;=■' 100 +'W
i *»*n w w w ^ w o n  ■ p
°) IJncoyifined Compressive Strength
, To determine the uiiconfined compressive strength, in 
lb/sq.o in,, of the compacted specimen s , the compressive load, 
in lbv, at the breaking point was divided by . the original < 
sectional area of the tspecimen0 This was 12*56 in* 
d) ; Equation for Zero Air Voids Curve* :
From def initions given in Page, 2 , the dry density on . 
the zero air voids curve is the dry density of the compacted 
soil on the premise that, all the voids are completely filled 
with water* ■ \ A; ; A  . ' A A ’; A;
•• . . • If G ~ specific.:gravity of the soil particles
Ay' . ‘ . :• Vv ~ Volume - of total voids- ;
V Volume of water,, in-this case V • ~ V i ‘ ■ :
' ' '* :; 7®' density of water • ,* - ; 7
Vs » Volume of soil particles
; ■ .Since G is constant for the same soil the above equation
represents a hyperbola which is asymptotic to the w-axis and 
cuts the1 Praxis at a-'.value equal/to the density of the. soil 
particles j i.e. ' V ;'/ ' : -
For the artificial soil investigated ,in Part. I ' •,
G = 2,664 & : Yw ” 62.4 Ib/cu.ft, ; >V\
Hence the/equation for the zero air voids curve for 
this, soil is v' ■ '•
ds 1662?100 4 2.664 w.
Fo r t he , c lay s : 1 nve st igat eel i n- Part II, . ‘the z ero ai r 
voids curves are as follows : ■. :/-.-. : l ' • ;
7 ' ; 7- ;7 A - 225 - 7 :77 A, /■'a. 7
For Staines London Clay ; G 7s 2° 739
B y  - .17091;
s O T :'+'.'ST759 w
For Blue London Clay G ' >  2.694
8 100 + 2 .
For Clayey Brickearth G ~ 2.648
7 • • : B = 16524s ;- ;: , •_
E®r London,Olay investigated in Part XII G =
D„ • ;■ 17641V;’ s . 100 + 2.827 w
c) Volumetric Moisture Content m
Using the same notations as "before 7
. '*■ . - . ■ " ' V f ■ : ■ ' * ‘ A. . 7 '
,m ... « yw x  10 0  77- '
\ *: a : • V a 7 : • •' ’
w;
w x 100
100 W,7 M
' JW •-V- S<Tw V~ow s - • • A
wD0s
I) w
m A  0.016 wDs
f) Equation for Zero- Air Voids Line. 7.,. ,
—mu* w t ii* in> n ii«w>n «•»*■   ■ . ■ ■[ *!■ -|. - n i  1 lit- 1 r T t i | - i-T‘i-ri-»-inr-TTiiimwin iiiiiii«i«>mi»'
Applying the same .notations used heretofore
2.827
v - v "; v; ::' - . • - . . ■ , ; .
«• ( -■"■"y— ) « * •»♦ Vw « Vv 5= total voids#
=;. '%C1 - i r ) . . / ■- '
= (100 ~ ;% . x  1 0 0 ) !  .. : ;• //.;
6 , \  /  s ». * . . .  V  , ‘ * - ; V
E (100 - m) . .. . / : . ■
The above \equation represents a linear relationship . ; 
between the dry density, when all the voids ' of the. compacted 
soil are full of water, and the corresponding volumetric 
moisture content./. • •-•-..V* ' • ' h i .
For .-the artificial soil investigated in Part I,- the i, 
equation of this line is as follows : */•
7 v> APPENDIX 2 - A A  ' AAA' y v y y - A
7 HBGEBSARY- C;ALCULAT10HB FOR THE ; DERIVATION OF EQUATION ; 7:
' ( 3-19) A *  . i ; ' 7 ; 7 ' 7 7 7  a 7 a - A / , .  V y A -
d) Determination of the Average Diameter d of.Boils used 
7 .; in the Analysis/ to Equation ( 5*19) ■ .V -v-;
The average diameter d which should be used in equation 
(5 • 19) is. the . arithmetic average of , d^0 , d ^ , d ^ y  , >7 
d^Q, and d^Q, wherein d^Q, d^Q etc. are diameters correspond­
ing to the percentages. finer than. 90%. 80% etc * ,.on the 
mechanical analysis curve of the soil. dgQ, dgQ, etc7, - ■ 
areillustrated, oh the mechanical analysis curve Fig. 125 
of the artificial soil* 7 ; A " . •* '■'7 ' 7 V*' a  A
Hence for this soil 7 7 - 7  . A  a  A" 7 a
: d 7 . 3.70 + 2.60-± 1.60 + 1 . 0 2 4- 0* 70 -7 0.54 + 0.42
7 ;  7 ; V  .7 7 A  , , A 7 *  -" 7 1 / 7 7  A ' : ; A , a  ■" A  /  A . 'A y ' ; ' "
, 7 7.-.-/ . >; «.:'771 .51 n u n . 7 7;-" 7- ' ; 1 ■. . •: ’ .a -a' A A A ’ ’*'7
Table 48 gives the.average diameters for the.soils." 
investigated by Maclean and Davis-and used in the analysis7 
to equation (5 .1 9 ) as inferred from their mechanical; analysis 
curves Figs. 126 - 128. A  ' A  A' ■ 1 ■ ; 77 A.. • ■ -
b ) . Volume of Compacted Layer for the Artificial Boil .7 :
The mould used in this investigation was the,&>endard 
Proctor mould of 4 in* inside diameter and 4.57 Any depth. , 
Since the soil projected about Yz in. from the rim of the 
mould after compaction., then the total depth of the compacted 
sample bef ore chopping . off the projected part , was about 5 in-* 
The soil ' was compacted; in 5 layers. ■ Consequently, the. thick-'- 
ness o f .one compacted layer was 1 in., and its volume V was
■ 
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calculated as follows ' •. y ' V :; .
. v = Ttfc 42 7 7  y .  y. ■■■■ .■y-’‘- y , V ; Y y :7 7
f.' 11^ Mia 1
:• ~ 12/56 cu.in, . ' • , . y y  y '■.y • ' y .: / ; . y." ■ '\.y
■ ".y/v. = 0.727; x .10‘2 cu.ft. ‘ ■■ - ; :
°) Volume;'of Compacted Layer for Soils Investigated by
Mac 1 ean and Davis», y..-/ . ; \ y: y - • y . ' • : ' ly.
LUlie same standard mould was used by Maclean and. Davis/ y 
•In their investigations they, compacted the soil -in three - -y 
layers i . - y • y ' '  ^ " 5. - ' ’ y ■ ■ ’
. V'; Assuming ’rhat the tot al depth of the c ompacted sample . --■"
was 5 in* ^ then the thiclmess of the compacted layer was ’
1% in, v and accordingly, its volume V was computed in the
analysis to equation (5*19) as follows : • . - - ;;yy- '
v = .2-L'L.Y x . y  . ■■ ... .
... 7 4 . ;7  : v ' 7 .-,-.
: ‘ - .20*93 cu* iho / ' '/ 77 / - - . *y y . '*
■ .;**/ « ;1 . 211 X  10"? CU.ft.  ^ '
d) Viscosity of mixed Water for the Artificial Soil and .
i  — ....—..— — — . f  f . | --------------------------- l   -  ...r r .,--------- , y n,if ?lrf,l-*r-r m-i>-*TTiini*-«-r.*y i.m .if i • t  m  u r  i i m » i T t m m in r i— “  i~ i >i i~ ----------------------- 1 - itiiT i ........................................................................................ w w i j i i  1 »»n
Other Soils Investigated by Maclean and ..Davis* yy *1. •
It has been already mentioned, that 'the temperature of 
the artificial soil investigated in the present work was 
almost constant at 17°C. Hence, its viscosity used in 
the. different stages of the analysis to equation.(5*19) was 'y 
7 .3 15  X 10~4 lb/ft.sec. ... : ;■ 7 : .7,
'From correspondence between Mr* Maclean and the author,
; Mr.* Maclean stated that no record was kept for the temperature
of: the'mixing water used in his.investigations* , However, 7\ 
he noted • that the room temperature was- almost c® list ant at '•r 
15°C. 7 In the- analysis of Maclean’s. worky this temperature, 
was assumed .to be that of- the1 mixing.’water. A Accordingly, 
its, -viscosity: was taken ' A. • ‘ - 7-: • - 7' , 7. a- • ■ y  / ' .y
7 ,697'x -icA rb/ft.sec.. ; . , , ;
•e) • • Energy per Unit Area of Hammer for the Artificial •Boil 7
■ and. Other, -Soils IiiVestIgated • by Mac 1 ean- arid Davis. -j
1) , The rainme'rs used in the present:-invest igat ions are : 7/
80 25. lb & 2 in. ■ dia n of striking face designated
7( -7 . : 7- . A  7-’> v • ,7; - -7- hereafter A ; • 7
■8725; lb & 2)4 in. dia. ” . 7.7 A  y"';.'7  Afr a "7  B A ' 7 7
1171b and, 2:in. dia. ” 77' "A/A v y  » 7. 0
It has, been noted; that the diameter for rammers (A & 0)
and (B) are 1 1 5 J 7in. and „ 2 \ J Z  in. A'A 7  , A-!..... y  A. y •' .. ■ ib . a a 7; •: ,16 a ,y; • 7 , , . 7- 7.
■ Hence, the striking area of rammers A A  C is, : ; . 7 ' 7
A.7'-: A ;. • . g ./ 'a 7';-:-7* -7 -> A*- . aA7: 7‘:A*;7:-
J“-  x .1-^ ' As 2.945 sq.in.
4 ,7-*A6. -;A ■ 7. 7'"-Y i A 7A7*/ 7 a ; 7 7  aa' ' ■ 77-A y A y
Hence, the striking area of rammer;B is : A ... 7 7 7
~ ~  x 2™  . .. := 4 . 6 5 5  Sq.iiSLAA a‘v . 'A 7
7 . 7  • 7 4 - 7 16 . 7: A ; - A ’ .'-:*:' -A; - : y A  ' '=7. 7. A •; A A ' "
7' Energy per unit area for, 1A in.A height of drop for •
rammer ’ A a • : - A 77'-... A 7 .77 77 A' A; — 7  a  . a y y
• ' ■•’• A y  7,7 - A, A  8 . 2 5  x  1 A'-. v a A y  A  77
7: '7 ; . '‘-7 7 A;*/. A 2 . 9 4 5  ; a  7 y ''7 ; 7. a  ;^AA7 ! A y
a A" .-'7  7 A  7-. 7 ' . A  2.802 lb/in. .’"‘A 7 : AA A 'A.A • A
. 2.802 x 123____.
166.23 x 5.4026
= 5.39.'
Energy per unit area for 1 in. height of drop for
- 241 -
rammer B
JL
g\yr
- 25 x 1
4,655
* 1/773 lb/in.
for 1 in. height of drop
1.773 x 125
166.23 x 5.4026 
■ * 3-41
Energy per unit area for 1 in. height of drop for
rammer C .• = U_S_1 ' ■■
2.945
• = 3.735 lb/in.
~ "« 'I in. height of drop
®\s ... '. *s = 3-735 x 12 ____ _
166.23 x 5.4-026
= 7.19 ■ ’
ii) The rammer used hy Maclean and Davis is lb & 2 in 
dia.'of striking face falling,12 in. Hence energy per unit 
area for 12 in. height of drop
5.5 x 12
"tt
= 21.02 lh/ir..
~ 242 -
E  2 1 . 0 2  x  1 2 5
s’V 5” 7.595 .
= 478,13. lb/cu.ft.
■m 0»04g, — J^~~) ~ 1.403
gV"
f ) Calculations of Terms Involved in the Derivation arid 
Discussions ' of Equation i
i) For Artificial Boil.
. (SgfZ_)0.0514 = / 66 . 25x-/32.18 x 0,727 x 10"2 s0,0514 
zu - 7.315 x 10~4
= 1.816
( d \0.0922 ,1,51 _ 1 nO.0922 x   1< / v  2 .5 4 (1 2 .56) ”
: = 0.7132I V -
(K )0.145 _ (123)0.^5
= 2.014
0 ATgV 0.0514 . , 0.0922 0.145
. ( " 7 " - )  X  ( ^ )  x  (N )
« 2.609
ii)' . .For Soils Investigated hy Maclean and Davis.
(ilT)0*0^14 = /-52.18 x 1.211 x 10~2^
> 4  7.697 x 10"^
= 1.411,
(N)°*145 =
= 1.87
.. ™ 0.04 7 0.0514 0
(~~k) . ("-/• ) x (H)g v 'A -'
3.70? ■
- 243 —
.145
•** 244 "**
APPENDIX 3
SAMPLES OF CALCULATIONS POP (THE AMOUNLS OP WATER,
OLAY & STABILIZERS REQUIRED POP COMPRESSIVE STRENGTH 
OP LONDON CLAY.
a) Sample of calculations for treatment with Spent Lye.
Type of Spent Lye : Sulphite Process %age of Lye : 2%
Max. Density : 110.6 Tb/cu.ft. Opt.Pluid Content : 19.8%
Air-dry Moisture Content : 4,6% . %age of Solids in Lye : 54%
Amount of Oven-dry Clay '
« 11C 6 x !h_^_2x 3 x i£3i§ x — _ 1 0 4
4 1728 10' + 2 x 54
270.6 g
Amount of Air Dry Clay = 1,046 x 270.6 = • 283 g
Amount of Spent Lye - 2% x 270.6 « 5.41 g
Amount of Pluids in Jl/Z0/ _ n0/ 0ha r • o hoSpent Lye = 45% x 2% x 270.6 = 2.48 g.
.Amount , of Air-Dry c,, ,r 00„ „  „0 „Moisture content ~ . X 270.6 , » 12.48 g.
Amount of Total Solids = 110.6 x^S-2—  x 3 x ^53x§
4 • . 1,72.8
= 273.5 g
Optimum Fluid Content a 1 9 .8% x 273.5 = 5^.15 g
Amount of Distilled. Water, 5 7 .7 5 - (2.48 + 12.48) » 39.19 g
Amount of Mix for^One = 1.198 x 273.6 = 327-7 g
“  ? ! / i o u S a  °lay /  5.1 x 283 -. = ,1440 g /
Amount of. Spent Lye for /   ^ „ ' 1. L{A5*1 moulds . r1 - . d, ,6
Amount of Distilled Water > „ v
. for 5.1 moulds, ~ 5 °1 x ? 9-19 199*5 c.c
b) Sample of Calculation for Mixing with -Hydrated Lime
%age of Hydrated Lime 
Max. Density , •' =s
- Air-dry Moisture Content 
/mount of Oven-dry Clay «
Opt.Fluid Content =* 20%
109*6'lb/cu.fto
4.9% *
Amount of Air-dry Clay =
Amount of•Lime - *' . . «
Amount of Air-dry Mois­
ture Content
Total Solids . • -
109.6 x — —  x x 129----
■ 5 1728 100 + 5
258,1 g
1.049x258.1 = 270.75 g
5% x 2.58.1 = 12.91,g
4.9% x 258.1 = 12.65 g
109.,6 x , m  2 * 453.6 x 3 x
• ' 4 1728
2?1 S
20% X 2?1 « 54.2 g
54.2 -- 12.65 - 41.56 g
1 .2 X 271 325.5 g
5*1 X 270,75 a 1380 g
5*1 X 12.91 a- ,65.83 g
5*1 X 41.55 - 212 g
Optimum-Fluid Content «
-Amount of Distilled 
Water Added
Mount of Mixture: for ' 
One Mould
Amount of Air-dry Clay 
. for 5.1 Moulds
Amount of Lime for 5*1 
Moulds
Amount of Distilled 
Water for 5*1 Moulds
°) Sample of Calculation for Treatment with Spent Lye, 
and Hydrated: Lime.
Type of Spent Lye : Sulphite Process %age of Spent Lye : 
%age of Lime : 5% -
Max. Density : ■ 1 1 1 .4 l b / c u . f t Opto Fluid Content : 19
— 246 —
Air-dry Moisture Content : 4.9% %age of Solids in Lye : 54%
Mount of Oven Dry Clay = 111.4 x Tlx 2 ? x 3 x 453.6 x
. .: - - ' 4 1728
A- '■
x 10
.10^ + 4 x 54 + 5 x 100
Mount of Air-dry Clay - 
Mount of Lime «
Mount of Spent Lye «
257.1 g 
1.049 x 257.1 
5% x 257.1 
4% x 257.1
a 269.7 g 
» 12.85 g
a 10.28 g
Mount, of Fluids in 
Spent Lye.
Mount of Air-dry
'Moisture Content
Total Solids
- 46% x;4% x 257.1 « 4,7 g
4.9% x 257.1 - 12.6 g.
111.4 x x  3 x 153^6
4 1728
Optimum Fluid Content a
275.5 g
19.6% x 275.5 » 54 g
Mount of Distilled 
Water Added
Mount of Mixture for 
*■-. One Mould
Mount of Air-dry Olay 
for 5.1 Moulds
a ‘54 - (12.6 +4.7)“ 36.7 g 
= 1.196 x 275.5 « 329.5.g
« 5.1 x 269.7
Mount of Spent Lye for_ 
5*1 Houle1 s
Amount of Lime for 
5*1 Moulds
Mount of Distilled 
Water for 5.1 Moulds
= 5-.1 x 10.28
5.1 x 12.85
5.1 x 36.7
a 1373 g 
a 52.3 g 
» 65.5 g
- 187 g
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MECHANICAL ANALYSIS OF AHYlFlClAL SOIL
io t a l  wt. passing the 3 / l6 in .B .S .s ieve  265.95 ( g )
S t*  retained an the No*7 .5 . S . sieve 58*77 ( g )
w t. passing the Ho* 7 5 .5 .sieve 2J7.18 (g )
Percentage detained on the No*7*B*£.slave 22*1 
" Passing " » « « « « 77 #9
Pre treatment
a t*  o f evaporating dish
" " S t .01 s o i l
before  pretreatment 
s t *  o f evaporating dish wt. o f s o i l  
a ft e r  pretreatment 
Lose o f S o il in pretreatment 
w t. o f  S o il before pretreataent 
Percentage lo ss  of s o i l  in pretreatment
Pine Analysis
372.70 U >
472.4 ( 8 )
47J.52 (g )
1.8 8 <g>
99.7 ) <g>
1.89
B . s . Sieve
•
w t.detained ] Percentage
retained
Percentage
Passing
Cumulative
Percentage
Passing
No #7 « 0 0 100 77.9
No *14 15.57J 16.3 83.7 65.2no .25 27 .145 28.4 55 .3 43.1
No .52 27 .145 28.4 26.9 2 1 .0
N o.100 14.719 15.4 11.5 9.0
No .200 2.198 2.3 9.2 7.2
Passing
No.200 8 *793 9.2 %
io t a l 95.579 100.15
Ih is  test was carried  oat in  accordance with the 
" Subsidiary Method o f the B rit ish  Standard 
S p ec ific a tion  1377:1948"
jMv . SO
SPECIFIC Q u i m  W I W l e i G U i .  SOIL
*io« o f Density Bottle 1 2 3
wt. o f Bottle  (g  
wt. o f Bottle  Dry S o il (g ! 
wt. o f Bottle  Dry S o il Water 
f i l l i n g  remainder of £ o t t le (g  
wt. of Dry S o il (g )  
a t *  o f Water r i l l in g  Voids o f 
S o il and Jiemainder o f Botttofg) 
Volume o f S o il P a rt io le s  (a l
Speo ifio  Uravity  
Average
25*384 
5 4 .7 5 J
93.730 
29 .366
38.980
) 11.020
2.663
27 .37 J
67.850
96.420 
3 .) .480
38.670 
11.430
2.666
26.223 
63 .280
92 .180 
27 .157
39.800
10*830
2.662
2.664
th is  te st m s carried  out In aco jrdunoe with the 
* Standard Laboratory Method o f the B rit ish  Standard 
S pec ification  1377 : 1948"
TABLE a ; .91
PLASTIC ft H U  ID LIMITS JK ABTI**ICIAL SOIL
PLASTIC LIM P
wt. o f BotiTe 25.879
et • o f Bottle  Wot sample 29.678
lit .  o f B ottle  Dry Sample 29.265
wtm o f  Water Content 0.415 (g )
w t. of Dry Sample 3 .386 (g )
Moisture Content fa 1 2 .2
P la s t ic  iiimit
LIQUID LIMIT
Mo. o f l e s t 1 T 3 •' ' " 4  ......
M o . o f  B o t t l e C A H 13
w t .  o f  B o t t l e  ( g )  
w t .  o f  i i o t t l e  W e t
2 4  .1 2 8 26 .4 9 5 3 7 .3 1 3 8 7  .3 3 1
S a m p le  ( g) 
n t .  o f  B o t t l e  Dry
3 2 .1 4 5 3 5  .8 6 5 4 6  .6 1 3 4 8 .5 1 8
S a m p le  ( g  * 3 1 .8 1 2 3 4 .2 7 2 4 4  .9 1 5 4 6 .459
a t .  o f  W a te r  ContedUg) 1.333 1 .5 9 3 1.688 2 .0 5 9
w t. o f  Dry Sample (gj 6 .6 8 4 7.777 7 . 6 j 2 9 .1 2 8
Moisture C o n te n t  fa 1 9 . 9 2 1 .5 2 2 . 2 2 2 .6
M o . o f  Shooks 4 7 3 9 2 j 1 7
These te sts  eere carried  oat in  accordance v 1th the 
"B r it is h  Standard S p eo lfio atlcn  1377: 1948"
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3.09 129.08 6.38 ?7 .70 22,30 1l6.924.32 13J .28 9.02 78 .40 21.60 12.584 .55 13.1 *01 9.54 78.90 2 1 .1 0 11.565.17 131.93 10.92 79.40 20 .60 9.685.79 135.91 12.60 81 .75 18 .25 5.65
6 .69 136 .99 14 .68 82.40 17.60 2.9 26.90 13 7.10 15.16 82 ,48 17.52 2.367.40 136 .65 16 .19 82.25 17 .75 1.567.5 135 .98 16 .10 81 .80 18 .20 2 .1 07.92 133 .78 16.95 80.40 19.60 2.659.10 129.42 18 .86 77.90 2 2 .10 3.24
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PEuCKN'fACBS O f  
VOLIMKSMX0 JUIStUHE UONtMS.TOLUME’i’ ,iLC 
S IL  wOxflENT, T-JlAi, VOIDS, and AIS VOIDS
WISH® JP SAMSES: 8.25 lb.f'AOB DIAMETER: 2 In .  
HEIGHT o f  DBOP: 15 In .
M oistu re . 
Content?
( w eight)
•
Dry Density 
1 6 /cu .ft .
Be
V o lttM irlc  
Moisture 
Content % 
m
to lu ae trio  
S o il  
Content j*- 
s
r r m i
Volde $ 
n
Air
Voile
*
m
1.75 
3.19 
4.12 
5.11 . 
6.23
6.75 
7.30 
7.39 
8.62  
9.88
128.95 
130.04 
130.59 
133 . 01 
137.34 
137 .75
136.64 
136 .66
131.64 
127.54
3 M  
6.65 
8.62
10.89 
13.71
14.90 
16 .00 
16 .18 is as
20 .19
f t  .51 ~
78.22 
78 .56 
80.01 
82 .62 
82 .86 
82.20 
82 .2 1  
79.19 
76.72
25 .i3
21.78 
21.44 
19.99 
17.38 
17 .14 
17 3 0
17.79 
2 ) .91 
23 .28
18.81 
15 .13 
12.82 
9.10 
3.67 
2 .24 
1.80 1.61 
2 .63 
3.09
PS«C»!*XAGaS OH 
fQLU&El’KIC MOlSIUuE GQNXtlir.rOi^HXTBIC 
s - in  co o n as , xoxaj. voids Aim i a  v ids
WEIGH'!' OF HA^ JiEE; 8.25 lb , PACE DIAMKXEE:£ In..
height of dkop: i s  u .
tAHiS MJ. T3
Moisture 
Content P  
(m ig h t )
«
TJry Density 
16/c u . f t .
Da
Volumetric 
Moistare  
Content >  
m
Volumetrio 
S o il 
Content > 
8
“ "TSUI"
Voidc % 
n
Air 
7afcte p
A
2.06
2.91
3.90
4.82
5.74
6.60
7.07
7.4
7.57
8.47
9.47 
10.25
130.7 
131.10 
131.76 
134.46
136.35 
138 .20
137.56 
137.14
135 .86 
132.00 
128.86 
126 .45
4.32 
6.12 
8.23 
10.38 
12.54 
14 .62
15.58 
16 .00 
16 .46 
17.90 
19.53 
20.75
78 .65 
78 .9 J 
79.30 
80.95
82 .1  0
83.14 
82.80 
82 .50 
81.73
79.47
77.48 
76 .15
(“21.35
21 a o  
2j.ro 
19.05 
17.90 
16 .86
17.20
17 .50
18 .27
20.53
22.5?
23.85
17 .or
14 .98 
12.47 
8.67 
5.36 
2.24
1.62
1.50
1.81
2.63
2.99
3.10
«
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■ =;V-.- ■’'VV vV' Vr.;
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Oontent ^  
; (weight kv 
:.® -V
Pry iensiiy
31§/'QU;.jrt'y7
■ D s
f olum^ijriG 
/Moisture 
Content jS-"V:
Volumetrio 
0 >;•;'■ Soil , 3 
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3 V-:-S-'v:
" l o i r ;
Yoidsfo
•.3Vnv/3
"Xii? ’ r 
Voids $
v&' V \V;:
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PEHCBNIEAG72S'. OP - : : - :
VOLUMESRIO IviO iSTUEB ■ OOfflOT i- vfdliXMES-fiid- • •
; ■ 7 77\ 8 Q & O T V ^ V - A ± B ■> iPQIDJS', ^
SEIGHS .OF BAMMSR; 8.25 16, 'FACE. DIA j l B S E R i n V
■ I I A  v: " v .HEIGHT'. OF DROP: 6 ^,;YY-
Moisture- Dry. Density Volumetrio Volumetrio v. lotal. A-Aur-Content Vcl$/,ou .ft # • Moisture ■'IAASqIJA'y voias .$..Void's^(weight)” ; - :rv;' Content % Content $ Y Y  V'c£:./v
V:";I-lDa' :• ip •;■'■ :»Y;YY :-V;p n '■' V-'-aA/v
V i.6i ’-V; a.23,2i •; 3.17 Y K H .4 .!&■■■ ■25 .85 28.68'
I 2.69 >. 124 #68 •?7; 5 .38 : : 75 *00 . 25.00 19 .68
■ • 3 125.89 v . 6.57 75.78 V- 24.22 * 17.65■ ■ 4 . i g a v  v .%% 125.60 : - r 8.25 ; ;75 #60 V 24 .40 16.151£6 # 9 5  y  V ■ IS.31 :;-A,76;i40:V - 23,60 11 *29
i:l6:*85;I A A :-‘'";,13G.#97..:: ■:,'• 14 .37 , A.l78 .80 •,•;21.20 •6*83
Al719£-A/;V V ;  :134 #02 - 17.00 V A v o a . I ^  •• 19.38
Y  l34;.15A - X 17.63 ■ ; : ' 80 #70 V i 19 ,30V > ^  r#67.VVA3£v65'-V , 1 8  . 7 0 y  V V  79 * 8 0 1 * 1 20.20 ": 1 . 5 0
V <  8  . 8 3  y  •, ‘ - I 1 3 2 ; i 2 3 - H . > : 1 8  . 7 0 A : A 7 9 # 6 5  A 2 0 . 3 5  v - 1 * 6 5  •
a v 9 # 7 4 ^ v ; V :. 1 2 8  . 8 5  A : : ao .1 ;;K S ;7 7 » 5 V V ) V 2 2 . 5  ■ 2.40
t i p  * 4 ^ - ^ : = x :1 2 6 1 6 1 / - v ; :YiaiY24YY VA:^6^20;:^ 2 3  . 8 0 v V S  * 5 6
I , '  V V y A V l - I '■ ; V ; i ::V.,- V l : I > I o 1 '  r. ' A A  • '’A  A. { , ' *  .• : A  V V l ■ ;, '-'v /  .‘I I  • • t \  * I *  ’' “ ■
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PERCENTAGES OK 
VOLUMETRIC MOISTURE COMTEK, »CH.UMiSTRIC
SOU. UjMIKMT, total  v o ids  a id  a ir  v h d s
WEIGHT OR' RAMMER: 8.2® lb ,  FACE )IAMETER: 2* in . ,  
HEIGHT OF DROP: 9 in
Moietnre 
Content /* 
(w e ig h t ) 
m
T>ry Density 
1 6 / o u .ft .
Ds
Volume tr io  
Moisture 
Content fa 
a
Voiuraetrlo 
Soil 
Content Jfc 
s
f o i a l  
Voids >
n
r A ir 
fo idsjt
a
V
2.32 122  .61 4.56 73 .76 26 .24 2 1.6 8
3.64 125 .52 7.32 75.51 24.49 17.17
4.79 126.03 9.67 75 .81 24 JL9 14 .52
5.70 128 .63 11.75 77.38 22 .62 10.87
6.89 133.40 14.73 80.25 19.75 5 . 02
7,70 135.20 16 .68 81.33 18 .67 1.99
8.38 134 .13 18 .01 80 .68 19.32 1.31
8.70 133.40 18.60 80.25 19.75 1.15
9.67 129.79 2 0 .1 1 78 .07 21.93 1.82
1J .48 127.03 21.33 76.41 23 .59 2.26
U .8 7 124 .61 23.70 74 .96 25.04 1.34
tAais no. Ta
PERCENTAGES OF 
VOLUMETRIC MOISTURE C OWEMI, V jLU* 5T RIC 
TOIL OOlttiaW. TOTAL VOIDS AMD AIR VOIDS
WEIGHT OF RAMMER: 8.28 lb ,  PACE DIAMETER: Z\ in . .  
HEIGHT OF DROP: *2 in .
Moisture 
woaent p 
(w eigh t) 
w
Dry Density 
16/c u . f t .
Ds
Volumetrio 
Moisture
Content p  
m
Volumetric 
So il 
Content p
B
H T o t ir  
Void s/p
n
H r  .....
fo ld s  i
a
2.33 127 .81 4.77 76.95 23 .05 18.28
3.18 128.70 6.56 77 .45 22 .55 15.99
4.o6 128.77 8.37 77.50 22.50 14 .13
4 .81 123.16 9.97 77.73 22 .27 12 .30
5.60 131.03 11.77 78 .85 21.15 9.38
6 . 26 133.13 13.34 80.15 19.85 6.51
6.J1 135.9 15.02 81.75 18.25 3.23
7.40 136 .45 16 .18 82 .09 17.91 1.73
7.84 135.96 17.08 81.80 18.20 1 . 1 2
7.90 135.80 17.20 81.70 18 .30 i a o
8.36 133 .42 17.87 80.30 19.7 D 1.83
9.61 129.5 19.92 77.95 22.05 2.13
U±>± m>. 13
PBKCUIIaGLS JF ,V^UKEXSIC MOXfeKUlE 0 ... MS, VOLUME!Hi^S -JU. 0  ... TOTAL VOIDS AMO Alfi VOIDS
HAMME8; 8.25 15, 9IAMKT? H In.,
HEIGHT OF D8)P: 18 in.
Moisture 
Content* 
(w e igh t ) 
«
Srjf fieneitjr 
16 /ou .ft .
I s
Volume trio  
Moisture 
Content Jfc 
m
Volumetric 
S o il  
Content jfc 
•
fa t a l  
Voids jfc
n
/dr
Voids^
a
1.71 128.48 3.52 77.35 22.65 19 a s
2.63 129.85 5.48 78 .16 21.84 16.36
3.66 130.60 7.67 78 .6 ) 21.40 13 .73
4 *69 131.21 9.87 79.00 21.00 i i  a s
5.07 132 .24 10.75 79.65 20.35 9.60
5.54 134.04 11 .90 80.70 19.30 7.40
6.17 135.67 13.40 81.60 18.40 5.00
6.87 137.38 15 .18 82 .70 17.30 2 a 2
7.10 137.5 15.64 82.72 17.28 1.64
7.54 136 .64 16.50 82.20 17.80 1.30
7.80 136 .30 17.04 82.00 18 .00 0.96
8.36 134.34 18.00 80.90 19.10 1 . 1 0
8.89 L31.68 18 .75 79.20 20.80 2.05
10 .0 2 128 .16 20.59 77.15 22 .85 2.26
I  a hue ao . 80
ptMiL-tetAGm 
fQ L W X th lO  MJISS0HI. C J«ran,TO&UUXftXB 
SCI*. CO«IE«E,tOlAi, VU1DS A*H> *IH  fJlDS
VXIQHa o r  BMWSB: 8.25 lb,FACS D IA J K E T X S :la .,  
HEIGHT OF DKOF: 24 in .
Moisture t)ry Denelt^ 7olumetrlo Volum etric io t e l A ir  "
Content^ 1 6 / aa .rt . Moisture S o il Voided fo ld e d
(w eigh t) Content Jfc Content jfc
V Ds m • n a
1.97 128.81 4.07 77.50 22.50 18.43
2.95 129.95 6.14 78.20 21.80 15.66
3.88 131.72 8.18 79 .25 20.75 12 .57
4.58 132.93 9.76 79.95 20.05 10.29
5.60 134 .65 12.09 81.00 19.00 6.91
5.97 136 .35 13 .04 82 .15 17.85 4.81
6.72 138.13 14 .88 83 a o 16 .90 2.02
6 .90 188 .20 15 .28 83 .14 16 .86 1.58
7.59 136 .90 16 .65 82.40 17.60 0.95
8.34 133 .74 17.85 80.45 19.55 1.70
9.16 131.11 19.25 78.93 21.07 1.82
tASIB MO. 81
PERCENTAGES OF
TuunasszG MoxsfmtK cosra* (v a u m  kic
SOIi. U >Ni£HS,*CttAI VOIDS AND AIR VOIDS
WEIGHT OF HAMMER :11 l b ,  MCE SIAMESES) t  i n . ,
HEIGHT OF DROP: 6 i a .
Moisture
Content^
(m ig h t )
V
Density 
16/ <m . f t .
Os
Volumetric
Moisture
Content f» 
m
T o IS e lT iV
30 i l  
Content % 
a
fo i& l
Voida^
n
A ir  ?  
Voided
A
2 «56 124.00 5W9 74 .59 .25 0 1 20.32
3 *97 125 .19 7.96 75.31 24.69 16.73
4.72 126 0 8 9.54 75.90 2 4 0 0 14 .56
6.19 128 .42 12.73 77 .25 22.70 10.02
7.18 1 3 5 0 4 15 0 5 81.30 18.70 3.15
7.40 135.45 16.06 81.48 18 .52 2.46
7.95 135 .21 17.22 81.33 18.67 1.45
8.70 133 mB2 18 .65 80.50 19.50 0.85
9.49 130.90 19.91 78 .74 21.26 1.35
10.83 126 0 4 21.88 75.88 24.12 2.24
iAjji.'. ,.0. 92
PEtfCENTAGES OK
vjumisrxc aoi . j . tti%Mf,v ujmethic
SOIL COMMIT, ft »A L  VOIDS AMD AIR VOIDS
WEIGH! OF RAMMER: 11 lb, FACE DIAMETER: 2 In., HEIGIII OF DROP: 9 In.
aoistore T*ry density Volumetric Volumetric “ T o T S T Air
Co n tent^ 16/o u . f t • Moisture Soil ?oida#!?o lda$(weight) Content p Content p
m Os m 8 n 8
1.98
'
126 .5E 4.01 76 .15 23.85 19.84
3.05 129.25 6.32 77 .80 22.20 15.88
3.76 129.57 7.81 77.97 22.00 14 .22
4 .56 129.91 9 .50 78 .18 21.82 12.32
5.36 13 J .81 11.23 78 .75 21.25 10.026.El 134 .31 13 .38 80 .84 19.16 5.78
7.00 136 .70 15 .33 82.34 17.76 2 .438.10 135.31 17.6 a  .40 18 .60 1.008.IE 135.00 17 .57 81.28 18 .72 1.189.03 131 .33 19.00 79.00 21.00 2.0010.11 128 .11 20.79 77 ao 22.90 2.11
rAl&E HO. fj§
PKHCKNTAGES OF
vouauzftic *c .t c m m x u e
SOZfc C Q H T M T ,  IOIJ4 VOIDS AMD Aik V;IDS
WKIGHl' OF BAMMKlt: 11 lb,PACK DiAXStSft: 8 in . ,  
IlKIGiif OF OH OP: 12 in
M o is t u r e
C o n te n t /^  
( ?>e lgh  t ) 
a
O ry  O e n e i t ?  
1 6 / a a . i t .
0 8
V o lu m e t r i c  
& o i s t a r e  
Content >  
n
V o lu m e t r i c  
Soli 
Content >  
8
T o ie T
A
A i r  ‘ w
V o i d s / *
A
1 .9 6 1*28 .3 0 4 . ® ’ '  W M Z2  .7 5 1 8 . 7 5 ’
3  *1 4 1 3 0 .0 3 6 .5 4 78  .2 6 2 1 .7 4 1 5 . 2 0
4 . 0 2 1 3 0 .2 7 8 . 4 0 78 .4 1 2 1 .5 9 1 3 .1 9
4 . 5 7 1 3 1 .3 6 9 .6 4 7 9 .1 0 2 0 .9 0 1 1 .2 6
5 .4 4 1 3 2  .8 5 1 1 .5 8 79.95 2 0 . 0 5 8 . 4 7
6 .1 4 1 3 5  .89 13 .3 8 01.78 18 .22 4 . 8 4
6 . 7 5 1 3 7  .8 0 14 .9 1 88.90 17.10 2.19
7 .3 7 1 3 7 .4 7 16.84 8 2  .7 5 1 7 .2 5 1.017.60 1 3 7 .1 4 1 6 . 7 0 3 2  .5 0 17.50 0.80
8 . 0 8 1 3 4  .8 0 1 7 .4 7 3 1 .1 6 1 8  .3 4 1 0 3 7
8.82 131  .4 0 18  .5 7 7 9 .1 5 2  j .8 5 2 .2 8
10.02 187.79 2 0 . 5 0 7 6 .8 4 2 3 .1 6 2 .66
,\;vv \ <
;'sVjr'r ' '
: HABIE NO. 84 :»• •* '       '
; -v': ^ ^  ;v;:. / v:,;,
/iVl V :-: VVOLIJMEIOT STURSV 00NTBNT iYOLIMETl 10 ; V-- V V -V-!
, . ^ . K : ; ^ m i( S E i a h - : - \ O F 4 U b  i'-FAC.tffv^ BZ'AMESTS.J"i-ii •'&IVlVVlV/- 
• £ •' ^ O F  , I)RGP> 18 Villi’ : \;; V.?; , ‘• V '• V* V.': ‘ V.'V-. ^ V‘:
Mo isture.- 
Gpnteiit>( we ight ) •;
Ory density
; ;15^ 0U; e ftlV
V; ' V. '■>;■
VplumetriO 
MoistiireV 
Go ntentv^i•'. Vfl m^; V; 1 >
vl:.80;'lf,JIV 131104 :V; :VV:B;^8VVV‘;.:3100V1V;- .Vi;i33l^ 3:X V .l:V6.4lVvV;VV 4 ilOi:.-;V;'-' ; 133 V92 :A; l,iQv80-'l ,1;4:.82'v--';V:.■'■V- 134.58 1 v:i;l0:.36^ .:;vV 5 .60. ' 13.7.35 •:‘Vfl2'..33''-/V'iA&; 24111 139.37Vl ■;vi4::;o3.:.-vv.iV6-.45-VV-V-S. r^lZ;9,>5 f K 1V14142:1.>V■V7^ ..gOVVVl ■-VVV138 .64 .'I': v-:16 .00.1.7^ 34: V;ll >1.138 .OlV'V lVl6;J23VVlV
V.8;120.:V:VV :lM34'-..731>V 1:117-;86J:>;-VVl9l44-;i^:(l:130;*47le •119 .73V 1 V
Volume .trie
V? ^ Soil';.
78.85 80.20 
80 *55
81*00
J 8 W &83 *85 
83.92 
83.40 83.05
81*05 
78.50
. Total 
V o i  d s fo .
n
21.15 
19*80 
19.45 
19.00 
17.30 
16 .13 
18.08 
16160 16.95 
18 *95 
1.50
Vo ids^
17.371 
1313. &t{ 
10.65 :;
8 .64;... 
1 4 l 9 7 / : : :  V2.i2rw 
1.66.1:
■ 0.6 Or 
:-0-..72;;  ^
1.09 -: 
1.77 V-
i A b i . K  n o .  e s
FIHflUtAOCS O f 
VQbQMBaio iioisiuafr. ^ ~ « ik « j r o u ia t u c  
Sdli. ujMSCKi, 1 iSAL VOIDS AM  Ala VOIDS 
WtlCiii riAMHEn; I I  ID . ,  FA OK flIAME‘IKS:2 in . ,  
. .. si . i DfiOP:24 in.
Moi stare 
Oonteaty> 
)
w
Dry Density 
16/oa.f t .
Be
Toium etrie  
Moisture 
Content p 
m
Volumetrio 
I s o i l  
Conteat p
9
iotiTl
Voids/*
a
U*ir
VdLie*
a
1 *84
2 .99 
4 .14 
4.77
5.23 
5.98 
6.30 
6.87 
7 . 00 
7.33 
8.07 
9.93
132.52
133 .56
135 .84
136 .66 
137.57 
140.03 
140.30 
139.42 
139.64 
138 .21
134 .82 
131.13
5.91 
6.40  
9.01 
10.43 
11 .53
13.42
14 .16 
15.34
15 .66
16 .24
17.43 
18.76
f§ .75
80.30
81.75
82.20 
82 .80 
84 .30 
84 .40
83.95 
84 .00
83.20
81.20
78.95
2QT.25
19.70 
18 .25
17.80 
17.20
15.70 
15.60 
16 .05 
16.00
16.80 
18 .80 
21.05
ic T ^ r 1
13.30 
9 .24
7.37 
5.67 
2.28 
1.44 
0.71 
0.34 
0.56
1.37 
2.29
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XAiiU MO. gy 
SP EC1MC GHAViXY 0 BUIE )■ CIAX
Bo. o f  Density Bottle 1 2
w t. o f Bottle  (g )  
wt. o f Bottle Dry
27.37 26.22
S o il (g )  
wt. o f Bottle Dry So il
43.86 42.70
W&ter F i l l in g  Keoainder
o f B ottle  (g ) 87.73 86 .58
Wt. o f Dry S o il <g) 
wt. of Water 1111ing Voids 
o f S o il Ednd remainder o f
16.49 16 .48
-oottle (g ) 43 .87 43 .88
Volume o f S o il Pa rtio les fa l > 6.13 6 .12
Spec ific  Gravity 2.697 2.691
Average 2.694
Xhis teat was carried  out In accordance with 
the "Standard laboratory  Method o f the B rit ish  
Standard S p ec ific a tion  1377 : 1948"
SPECIFIC OK'fITT F 0L6YFY BHlCfc E&JKF8
Jfo. OX Penalty ro t tie 1
2
a t *  o f B ottle  (| )  
a t .  of Bottle  t r y  B o i l  ( g )  
a t .  o f  B o ttle  Pry  S o i l  and 
Water f i l l i n g  hcuainder o f  
rot t ie  (g i  
a t .  o f Pry  S o il (g )  
a t .  o f Water f i l l i n g  Voids o f 
So il sad leasinder o f Bottlefg l 
foluaie o f S o il P a rt le le e  (sal) 
S p ec ific  Gravity
Average
27.3? 
50 .St
91.66
P2.9S
41.37
8.63
2.655
£6 .2?
42 .65
36.43
16.43
43 .78 
6 .2 2  
2.641
2 .648
ft la  test m s  ca rried  cat la  accordance with 
the • standard labo ra to ry  Bethed o f  the B rit ish  
Standard "p a c ific a t io n  1377 : 1948"
hastic a di*uid hitiim* OP siua i,x,pa. cjax
haotic uaig
S t .  of ottle m 5 9 . 8 8 1 ( g )
Wt. of Bottle +  v?et Sample m 6 8 . 6 0 0 ( g )
w t .  of Bottle +  Dry Sample « 6 1 . 8 7 6 (g)
Wt. of Water Content 8 0 . 7 M (g)
Wt. of Dry Sample m 8 . 5 9 * (g)
Moisture Content % m - 2 7 . 9
Plastic Limit m 2 B %
LIOJID LI X T
Mo. of Test 1 8 3
Ho. of Bottle 1 3 C 7
Wt. of Bottle 3 7 . 3 6 0 2 4 . 1 2 6 3 6 . 8 7 4
Wt. of Bottle ♦  Wet Sample ( g ) 4 6 . 6 6 7 2 8 , 9 2 3 4 5 . 1 6 2
Wt. of Bottle ♦  D r y  Sample ( g ) 4 2 . 1 3 6 2 6 . 9 1 6 4 1 . 6 6 0
fit. of Water C ntent ( e ) 3.392 8 . 0 0 8 3 . 5 1 2
wt. of Dry sample (g) 4 . 8 3 5 2.787 4 * 7 7 6
Moisture Content % 70.15 7 2 , 0 5 7 3 . 6 3
Bo. of Shocks 44 2 6 18
LIQUID LIBIT * rz?>
PLASTICITY IBDEX • ***
■ This test vas eepried oat In  accordance with the 
"British standard Specification 1377 I 1948"
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DsmmuxxoH or pakticis sxsb disboboticw
or loom our pre-tre'Wf«a
Wt# of Eva-xxrating Dish (g ) 1$*.7
wt# of 2*spar*tlng Dish ♦  Dry Clay 
before pre-treatment (g) 206.7
wt# of Kwapopratiag Dish ♦ Dry Clay 
after pre-treatocnt (g) 205.4
Loss in rrs'^trsstawit (g) 1*3
Wt# of Dry Clay before pre-treatment (g) 50
/ege Loss in Pre-treatment 2.6
OF LOHPgr qmf m a t  AML* * ™  wnafmmm* m»
£eniacua Correction (Cm) - S 8p.gp.of iioil Particles * 8.827 
858 “ * 47?i0 I'lfsS?
Date
1956 p.m.
Tern*
°C.
Elapsed
Tine
Hyd.
Read­ing
R’h
Corp-actedHyd#Hoad.Eh®
q^jiival
Part.Dia.0sum.
mt an ♦nt -0.3
;«geFinerthanCorrea-pondingDlaro.
15.8. 2—46 25 &aln. 28 28.3 0.057 1.04 28.74 88.6It 2-47 26 1 " 87 27.5 0.042 1.04 87.74 86.6It 2-48 25 8 " £6.5 27.0 0.0296 1.04 87.24 84.0
m 2-80 25 4 M 26.0 26.5 0.0212 1.04 86.74 82.3
m 2-54 25 e " 25.0 85.5 0.0132 1.04 25.74 79.3
m 3-01 25 15 " 83.5 84.0 0.0112 1.04 84.24 74.8
m 3-18 24.5 30 " 88.0 22.5 0.0038 0,94 82.62 69.7«t 3-46 24.0 1 h. 21.0 21.5 0.0058 0.80 21.50 66.2«» 4—48 23.0 2 h. 80.0 20.5 0.0043 0.59 20.2 9 62.5
IT ■ 6-46 22*0 4 h. 19.0 19.5 0.0031 0.44 19.14 69.0
16.8 a«m.11-82 20.0 21-06 16.0 16.3 0.00138 0 15.70 48.3
17.8 12-04 19.5C 45-18 15.0 15.3 0.00095 —.08 14.62 45.0
USTSfc.: LiASIJil J5? 213X1053 SIZE JJiaTiOSUTI JH 
OS’ LOHBOu CLAY.
Total '.it. of Oarrple ■ 47.6 g
»t. of Sample Retained on 0.7 B.S.Sieve a Jill g
Fine Sieve Analysis Jumlativc
U.S.Sieve Vit.ZietBiiied ,iaye retained Xmilative 
m f ae^ a^ ef
PereentagePassing
Ho. 7 0 o ■ ■ 100 100.0:;o.26 0.09 0.19 99.81 99.8No. 72 0.12 0.253 39.537 99.6Ho.200 0.11 0.232 99.325 99.3PassingHo.200 47.13 93.325
Total 47.50 100
Sedimentation Analysis
Equivalent Particle Cumulative ;«geDian. m.a. Paaolag
0.057 83.5 88.00.042 35,5 85.00.0296 84.0 83.50.0212 62.3 81.30.0162 79.3 78.90.0112 74.8 74.40.0068 69,7 69.30.0058 66.2 65.70.0043 62.5 62.10.0031 59.0 58.70.00138 48.3 48.00.00095 45.0 44.7
TAELS Ho. 103
M E M a r a m o H  a g
&  m m i  s m
Ho. of Toot 1 2
no. of Container 2 13
«t. of C ntalner (g) 16.41 1S.38
R't. of Container ♦ Vet Co pie (g) 25.63 30.92
vft, of Container ♦ Dry ana pie (a) 23.64 27.70
Rt. f jlatnre Content (g) 1.99 3.22
ft, of Dry Cample (g) 7.23 11.32
lQBtlC LI. it 27,5 28.4
Average 28
W  ■»-
M g c s a a m w - i i  OF Lxauio L T SIT OB' 
U 2 M m  Q U d
\
No. of Test l £ 3 4
Ho. of Blows 70 50 34 15
No. of Container 5 12 14 15
Wt. of Container ( s ) 1C. 50 1G.09 16.12 16*33
Wt. of Container + Wet ctriple ( e ) 22.70 25.18 26.56 20*3 J
wt. of Container + Dry Sample (g) 19.66 21.44 22.i,’4 22.11
Wt. of Moisture Content (g) 2.62 3.74 4.34 4*28
Wt. of Dry Cample 4.16 5.35 6.12 5.78
W& 67.3 69.9 70.9 2
mS S B S i i SPBCIEIC OgAVl
m m u M
Ho* of DonAity Bottle 1 8
wt. of Tensity Cottle (g) (W^ ) 23.263 86.215
Wt. of Density ottle ♦cry Coil (g) (wg) 60.394 60.430
wt. of Dry 9*11 (g) (Wg - V. ) 20.131 24.213
Wt. of Cottle ♦ Boil + .ater
(g) (®5) 90.446 91.860
Volume Occupied by Water (g)
(■3 - ®g) 40.062 41.430
Volume o f  Coll O o l l d s 9.94C 8.57
specific Gravity 2.628 2.826
Average 2,.827
No* of Seat 1 2
vvt* of Jven d ried  Clay 8 3
Temp, before Reaction °C 20.6 21.2
Senp, after Reaction °C 530.6 ; 21.2
Average ° c 80.6 21.2
Barometric leading n/ma 749 749
Volume of Gaa Evolved in ral 11.7 23
Amount of C3g mg* 21.6 42 .3
.'.age o f  C0g 1.03 1.41
Average 1.2
Stage of CaCO_ 2.7
*  from Sables Published by C o llin s  (116)
m m  so. 10?
m m m s m  ^  s m m
He, of Density Bottle 1 2
Wt. of Density .Dottle (g) 
lit. of Density Bottle ♦ Spent ye (g)  
Wt. of Spent Lye (g)
Specific Gravity 
Average
a a . s s ?
87.020
64.763
1.296
26.210
90.994
64.784
1.296
l.S
Density Bottles, 5 0  c.c., were used for the 
Detersnlnotlon of the Apecific Gravity,
S S L J ± m &  . f i f c u a a a B i a a u .  a u r a a t
Ho* of Density Bottle _ 1 2
«t. of Density Bottle (g) 
t. of Density ottle ♦ Spent lye (g) 
St. of spent lye (g)
Specific Gravity
Average
s s . a 6
7 6 . 3 0
54.04
1 . 0 8
U
2 6 * 2 1
7 9 * 9 1
6 3 . 7 0
1 . 0 7 4
.06
Density Bottles 50 c.c. , were used for the 
Determination of the Specific Gravity.
la.ftBaaLMK S a h a r a  M s & m .
Ho. of Container 1 2 3
St. of Container (g) 44.973 49.574 49.675
ut. of Contaijier ♦Spent lye (g) 56.900 62.426 62.090
St. of Container ♦Solids (g) 51.503 56.540 56.324
at* of solids (g) 6.030 6.966 6.649
wt. of Spent Lye (g) U. 927 12.352 12.415
Solids 54.7 54.2 53.6
Average 34/i
No* of Container 1 2 3
wt. of Contolnor (g) 44.970 49.676 49.670
Wt. of Container ♦
Spent lye (g) •8.340 77.083 90.408
v.t. of Container ♦Solids (g) 00.060 03.718 55.905
Wt. of Solids (g) 37.376 27.447 40.733
Wt. of Spent -lye (g) 5.630 4.142 6,230
% Solids 18.07 15.09 15.29
Average 16'/ j
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Ko. of Sonple Cotip.Utrongthlb/aq.in. Total Average
381 159.8 #
382 158.1 *' UfV r y .
323 136.6 831.3 166
884 180.8
825 166.6
The Total Fluid Content wna not determined. for 
this Percentage of the I$re ftpoe broken eanples.
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No. of aar-ple Conp # 3 tr© mth ib/»4*in Total Average
341 173.4
342 178.5
848 166.6 878.9 176
344 183.6
348 176.8
The Total Fluid Content was not determined fop 
this erce.itnge of the lye from broken saaplea.
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No. of Sonple Corip. strength lb/ aq.. In. Total Average
361 166.8
362 170.0
363 163.2 839.8 168
864 187.0
366 163.0
The Total Fluid Content was not determined for 
this Percentage of the Lye from broken Maples.
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0. ofSample Wt. of Voxed Senple 4 Carrier + Let Filter Paper at Speoified Days in (g)
0 1 3 7 14 81 88 days
LP 439,8 461.0 474.8 507,7 518.8 514.1 515.8
3P2 439*8 450.8 471.8 493.5 511.0 515.9 517.7
3P4 439,2 447.3 468.1 471.8 491.3 503.6 SIC.5
'sps 433,4 441.0 451.8 465.3 487.1 505.9 517.8
SPB 442,9 449.9 467.7 470.7 439.7 505.8 510.9
UP12 439,9 445.9 453.3 463.4 477.4 488.4 497.5
ZJP ■ Unsized l<n<w Clay
SP «■ London Clay ixcd with spent Lye
8,4»6,8»12 m Percentages of Spent Lye Fixed.
c * m j * 8 x  . a t k k  A ^ O R m ' X i  gssi ag 
CLAX aixap VVITH 3K&T I»Y3 CAUSTIC 30BA
gres-a a
Np. of Sample Vi. of Waxed Sample + Carrier + Wet Filter Paper at Specified Days in ( g )
0 1 5 7 14 21 28 days
ere 426,4 456,6 450,9 477.5 496.9 499.4 500.9
CP4 459,4 450,4 465,7 489.9 514.1 518,9 520,8
GP6 426,4 459,1 458,2 486,4 506,6 511,2 512,5
ore 458,5 449,2 464,2 484.4 507.5 517.5 519.8
CP10 455,2 444*8 458.0 476.5 499.1 510,5 514.1
CP b London Clay Mixed w ith  Spent Lye 
2 ,4 ,6 ,8 ,10  m Percentages o f  Spent Lye Mixed.
No. o f  w t. of Vexed Octuple ♦ v a r r l t r  ♦ Wot f i l t e r  Paper Sample at Spec ified  Qaye in  ( e )
0 1 3 7 14 21 23 days
u u n 4ro3.4 457.4 433.2 486.5 483.0 439.8 491.1
lmps 444.9 452.9 461.7 464.7 465.5 466,4 466.6
lspio 442.1 447.6 451.0 432.1 453.0 453.7 455.9
LMP15 442.5 442.2 451.3 452.1 452.8 453.5 453.7
UO> a London Olay Mixed With iiydreted Lit e 
1»S»10,15 a Percentages of liydreted Line Mixed.
usouiamiffi oasPBEamvK smsmgu m  UkSX&
s u s l m ^ l w  i s m m  m s  m  m &
1:0. of Sarplo Cocgtresslwe Strength lb/aq..ln«
LMPS 246
LMP10 276
LUP16 940
LUP ■ London Clay Mljeed with Lfcae 
6,10,1a •  Percentageo o f  Line r.ixed.
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w a te r  content %  dry wt.
1 Stand. Proctor comp. 12 drop
2 cc . u  - i< 18 drop
3 Gal comp. Ha t it  load 2 0 0 0  p.s.i.
4 Lab. sheepsfoot comp. IO2P/0 cov
s foot press. 500  p*.
5 cc CC IpOO p.*
COMPACTION GURVES FOR DIFFERENT 
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COMPACTION APPARATUS
SHOWING
1- MOUL D 2 - EXTRACTING APPARATUS
3  -  HAND LE O F  EXT APR 4 .  MORTAR ft PESTLE
5 - T R O WE L  6 -  ROD
7 -  STEEL- EDGE S -  DISTILLED WATER
9 .  GLASS PLATC
PLATE : 2 
OVEN AND RAMMER
WITH ITS DIFFERENT GUIDES
FOR CO M PACTIO N T E S T S
PLATE : 3
SCALES 4 DESkCCATOR 
FOR COMPACTION TESTS 
AND LIQUID L I M I T  APPARATUS
P L A T E : 4  
COMPRESSION MACHINE 
WITH COMPACTED SAMPLE 
BEFORE T E S T IN G
PLATE : 5 
COMPRESSION MACHINE 
WITH COMPACTED SAMPLE
a f t e r  t e s t i n g
p l a t e  : 6
COMPRESSION MACHINE 
TO COMPACT CLAY SOILS 
FOR TENSILE STRENGTH TESTS
P L A T E .7  
COMRESSION MACHINE 
WITH M O ULD IN PLACE 
FOR COMPACTION OF CLAYS
P L A T E : 8  
GENERAL VIEW OF 
TENSILE MACHINE
p l a t e  : 9
TENSILE MACHINE BEFORE 
STARTING TENSION TEST
P LA TE  IO 
TENSILE MACHINE WlTH 
SAND RUNNING TO LOAD BRIQUETTE
PLATE : I I 
TENSILE MACHINE WITH
SAND CUT OFF A FTE R  BREAKING 
CLAY BRIQUETTE
V
APPARATUS USED fOR THE
d e t e r  m i r a t i o n  o r  s o i l
p*
APPARATUS USED T O R  
the d e p e r m i n a t i o n  
or c a r b o n a t e s  
or s o i l s
P L A T E ." 12
P L A T E : 13 
2 X 6 SPLIT MOULD, BASE, PLUNGER, 
& CO LLAR USED FOR COMPACTION 
IN SOIL STABILIZATION
2' x  6 ' SPLIT MOULD,TWO END PLUGS,
PLUNGER 4 COLLAR USED FOR COMPACTING 
SPECIMENS FOR COMPRESSIVE STRENGTH
p l a t e : 14
P L A T E :  15
2 X 6  SPLIT MOULO WITH FUNNEL ON TOP
FOR F ILL IN G  MOULD
PRESS WITH MOULD IN PLACE 
FOR COMPACTION
p l a t e : 16
p l a * e : 17 
PRESS WITH MOULD I  COLLAR 
IN PLACE FOR EXTRUSION OF 
s p f c i m e n s
plate: 18
COMPRESSION MACHINE FOR 
MEASURING COMPRESSIVE STRENGTH
P L A T  E I 19
SOME TESTED SPECIMENS OF DIFFERENT 
STABILIZE**-CLAY MI XES
p l a t e ; 20
AIR-TIGHT TANK FOR CAPILLARY WATER
ABSORPTION test
- >
p l a t e :  21
SPECIMENS IN TANK f fc R  CAPILLARY
WATER ABSORPTION TEST
